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Abstract 
Freshwater is a finite resource. Faced with this challenge in the 21st century, 
there is an urgent need to augment existing sources of freshwater with sustainable 
alternatives. By adopting innovative demand management, water efficiency and 
conservation strategies, smart economics and advanced water technologies, water 
sustainability can be achieved as well as water security. The thesis posits that a 
decentralised system, like rooftop RWH, is feasible as an additional freshwater source 
running parallel to supplement and/ or complement the existing centralised mains water 
supply system for non-potable use even in high technology countries.  
Singapore, an urban city with abundant rainfall in a developed country context, 
is selected as a case study. As more than 80% of Singapore population lives in high-rise 
public housing, the HDB flats, rooftop RWH would augment the freshwater supply 
for urban storm runoffs that are discharged to the sea and are not collected in the 
stormwater collection ponds or reservoirs. Considerable potable water and cost 
savings would result as at least 25% of the potable mains water presently used for 
toilet-flushing, irrigation and floor-washing purposes could be substituted by 
rainwater.  
The centralised mains water supply system, as the main freshwater supply in 
socio-economic terms, is questioned as roofwater, with comparative good water 
quality, can be for non-potable use and thus supplement to meet the increasing water 
demand. RWH being a decentralised system, with numerous scattered water points 
throughout a city, has greater flexibility and autonomy and is less vulnerable to 
disruption in a distribution system, biological warfare and terrorism. For RWH to be 
successful, it must be carefully planned and designed to meet specific needs and 
conditions. In addition to enhancing technical guidelines, a combination of legislation, 
together with incentives, taxes and penalties helps to promote RWH and to maximize 
the benefits of implementing these systems.  
RWH is an under-used technology and strategy that can provide multiple 
benefits. When successfully implemented, RWH in the Singapore model can help close 
the gap in the total water cycle. It shows that even in a highly developed technological 
country like Singapore, there is room for a low but environmentally sound technology 
like RWH to play an important and relevant role. It is hoped that the lessons learned in 
Singapore can be replicated in other similar situations on a global scale.  
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1.1 Background 
Of the Earth‘s water, only 2.5% is freshwater, mostly trapped as ice. Of the one-
third that is renewable, three-fourths of that is lost during floods, resulting in a very 
small portion of the Earth‘s water to be accessible for human use. The hydrologic cycle 
maintains a constant replenishment of freshwater, but it is not necessarily delivered 
where it is needed, nor in amounts or at a time to be effectively used (Bidlack and R, 
2004). Table 1.1 shows the distribution of the main components of the world‘s water. 
The Earth has approximately 1.4km
3 
billion of water, nearly 97% of it is salt water in 
the oceans. The world‘s total freshwater reserves are estimated at around 35km3 million. 
Most of this is locked up in glaciers and permanent snow cover inaccessible to humans 
(Palaniappan and Gleick, 2009, Gleick et al., 2009). 
The global water crisis is increasingly recognised as one of the most immediate 
and serious environmental threats to humankind. Water use has more than tripled 
globally since 1950, however, still one out of every six persons - more than a billion - in 
the world has no regular access to safe drinking water. Lack of access to a safe water 
supply and sanitation affects the health of 1.2 billion people annually (WHO and 
UNICEF, 2000). The latest Global Environment Outlook of the United Nations 
Environmental Programme (UNEP and GEC, 2005) reports that about one third of the 
world‘s population currently lives in countries suffering from moderate-to-high water 
stress, where water consumption is more than 10% of renewable freshwater resources 
(UNEP and GEC, 2005). The low water availability problem is due to many factors. 
Amongst them are inadequate water management, degrading water quality, over 
pumping of groundwater, population growth, lack of funding etc. In urban areas, water 
demand has been increasing steadily due to population growth, increased standard of 
living, use of water for urban amenities (gardens, ponds etc.), ageing of infrastructure 
causing increased leakage and industrial development relying on water as a resource in 
production. Population growth in urban areas is expected to occur in developing 
nations, whereas population is projected to decrease by 6% in developed countries over 
the next 50 years (UNEP and GEC, 2005). 
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Table 1.1: Earth‘s major stock of water 
 
 
 
Source: The World‘s Water 2008–2009 by Peter Gleick. Copyright @ 2009, Pacific Institute for 
Studies in Development, Environment, and Security. Reproduced with permission from Island 
Press, Washington, D. C. 
 
 
 
Water problems in Asia today are severe—one out of five people (700 million) 
does not have access to safe drinking water and half of the region‘s population (1.8 
billion people) lacks access to basic sanitation (Asia Society, 2009). The United Nations 
projects that by 2025, half of the countries worldwide will face water stress or outright 
shortages (Asia Society, 2009). By 2050, as many as three out of four people around the 
globe could be affected by water scarcity. Water-related problems are particularly acute 
in Asia as it is home to more than half of the world‘s population but has less 
freshwater—3,920m3 per person per year—than any continent other than Antarctica 
(Asia Society, 2009). Asian Water Development Outlook 2007, an assessment of Asia‘s 
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possible water future published by the Asian Development Bank in cooperation with the 
Asia-Pacific Water Forum, emphasizes that the majority of Asia‘s water problems are 
not attributable to an actual shortage, but rather are the result of poor water governance. 
They are solvable through more effective governance and better management practices, 
but will require appropriate technical solutions and implementation mechanism, high-
level political will and a sufficient amount of investment. There is need to develop 
coherent national responses and policies to simultaneously address multiple problems. 
Governments should aim to reduce security risks and vulnerabilities, and invest in 
infrastructure for water conservation, resources recycling and management. Other key 
stakeholders, such as water users, nongovernmental organizations, civil society groups, 
and businesses, should work together with the governments to address water security 
concerns. Water is to be included in security policy planning. Emphasis is to be placed 
on spurring greater investment in the infrastructure and knowledge systems needed to 
manage complex water systems for the benefit of all. Better policies are generated 
through dialogue. Policy makers at every level, as well as nongovernmental 
organizations, civil society groups, and private enterprises, must be stakeholders in the 
responsible management of water resources. As part of this effort, best practices are 
drawn from local leaders across sectors and societal spheres who are advancing 
sustainable water management practices. Most water-related problems in Asia are 
solvable through environmentally and politically sustainable water management. The 
technologies and policy tools that are required to make progress are well known. What 
is needed now is action. 
Freshwater is a finite and vulnerable resource. Failure to meet basic human and 
environmental needs for water is the greatest development threat of the 21st century. 
The greatest challenge facing the 21
st
 century is thus to provide an affordable and 
sustainable water supply to meet all people‘s basic needs and to achieve water security. 
A holistic approach with broad strategies of conservation, resources recycling, water 
quality control, and water resource management is necessary, together with the full 
political support and societal leadership to bring about institutional and social changes 
for effective water resource management. The concept of demand management has 
largely replaced water supply management. There is urgent need for broader 
implementation of a demand management concept and for augmenting existing sources 
of freshwater with sustainable alternatives. Numerous approaches, both modern and 
traditional, exist for efficiency improvements and augmentation of freshwater. Among 
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them are harvesting storm runoff in urban areas (permeable and impermeable areas) at 
ground level and from rooftops, storing it in ponds and wetlands in urban setting and 
using it for non-potable purposes or treating it to drinking standards at the later stage. 
This is becoming increasingly important in water resource management for both the 
environmental and economic reasons.  
Based on a literature review, it is seen that storm runoff harvesting is increasing 
(McCann, 2007). There is increased expertise and the level of technology, but gaps in 
knowledge, long-term performance and implementation criteria need to be filled. The 
appropriateness of the traditional centralised urban water supply, sanitation and 
drainage system, each separately defined and operated, is being questioned, especially 
in socio-economic terms (Vlachos and Braga, 2001). The traditional paradigm of 
centralised urban water supply, sanitation, and drainage systems dates back to the mid 
to late 19
th
 century, as a response to typhoid and cholera epidemics that swept European 
and American cities between the 1830s and 1870s, with the centralised urban water 
services dramatically improving the hygiene of urban areas (Harremoes, 1997, Chocat 
et al., 2001). The technical literature contains many examples of adverse economic and 
environmental impacts associated with this traditional approach to water service 
provision (Butler and Maksimovic, 1999, Marsalek et al., 2001, Mitchell et al., 2003). 
These include high economic cost of rehabilitation and replacement of aging water 
infrastructure in highly developed urbanised areas, which in many cities is approaching 
the end of its useful service life. Conventional urban water management is gradually 
being replaced by a `paradigm shift‘ towards integrated urban water management 
(IUWM). It puts emphasis on demand-side management as well as supply-side 
management, utilisation of non-traditional water resources, the concept of fit-for-
purpose and decentralisation, which relies more on urban water sustainability and 
energy efficiency. Broad tools utilised within the IUWM include, but are not limited to, 
water conservation and efficiency; water-sensitive planning and design; utilisation of 
non-conventional water sources including roof runoff, stormwater, greywater and 
wastewater recycling; the use of soft (ecological) and hard (infrastructure) technologies; 
and non-structural tools such as education, pricing incentives, regulations and capacity-
building. 
The traditional paradigm was that stormwater is a burden and therefore should 
be collected and conveyed away from urban areas (most frequently into the nearest 
stream) as quickly as possible. Although there is an issue of diffuse pollution affecting 
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storm washoff and stormwater quality, it is now seen as a freshwater resource that can 
be harvested and used directly or indirectly. Since the late 1990s there have been an 
increasing number of initiatives to manage the urban water cycle in a more sustainable 
way. These initiatives are underpinned by key sustainability principles of water 
consumption, water recycling, waste minimisation and environmental protection. The 
integration of management of the urban water cycle with urban planning and design is 
known as Water Sensitive Urban Design (WSUD)(West, 2005). Developed countries 
already hit by severe droughts (Australia, and some parts of United States (US), e.g. 
California for example) have undertaken long-term strategic research programmes in 
WSUD. WSUD has evolved from stormwater quality management to integrate 
managing the three urban water streams (i.e. potable water, wastewater and storm 
water) holistically with the practice of urban design (Wong, 2006). WSUD accesses 
alternative sources of water with their uses guided by a ‗fit-for-purpose‘ approach to 
water sources and associated quality. The rainwater harvesting (RWH) is a valuable 
alternative source of non-potable water supply for a variety of domestic and industrial 
usages. The significance of RWH, as a primary source of water for non-potable use, is 
often understated. Harvested stormwater can be used without treatment for non-potable 
purposes (such as car-washing, garden irrigation and the like) with minimum treatment 
for washing machines and toilet-flushing, or with proper treatment for potable purposes. 
Indirect use of storm runoff can be for infiltration to replenish underground aquifers, or 
it can be retained in surface water bodies for later use. The practice of the concept of 
WSUD within IUWM by urban water system planners and designers varies 
internationally. Experience is being gained all over the world and there is a need to 
make critical evaluation – a review of results obtained in selected sites and synthesis of 
the most essential findings – to determine the benefits and drawbacks in implementing 
stormwater harvesting as a part of the paradigm shift to IUWM, to analyse the obstacles 
for faster implementation of this technique and to draw recommendations and rules on 
socio-economic aspects of its implementation.  
 
1.2 Problem statement 
RWH systems are often successfully carried out following a technical and 
quantitative analysis. However, qualitative analysis for RWH is increasingly needed 
because it facilitates the transparency of social and environmental impact measures and 
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the efficiency and effectiveness of RWH and management. Probably the most 
challenging task when implementing RWH system, as additional freshwater source, 
running parallel to the existing centralized mains water supply system is to persuade 
adoption of RWH, despite its low-technology status and low environmental impact. The 
other challenge is to accurately estimate the optimum tank size for maximized rainwater 
collection at lowest possible cost without sacrificing efficiency; and monitoring system 
performance of RWH in IUWM as a whole.  
 
1.3 Research aim and objectives 
The overall aim of the research is to determine the feasibility of urban storm 
runoff capture, particularly roofwater harvesting, as an additional freshwater source for 
non-potable use, where RWH is a parallel to and complement/or supplement the 
existing centralised mains water system in a highly-technological developed country. 
Models of different RWH technology developed are tailored to different applications. 
These models developed are flexible and adaptable to specific use and aimed to achieve 
greater sustainability, transparency and efficiency in RWH management decision-
making. Singapore, an urban city in a developed country context, is selected as a case 
study to demonstrate the applicability of this concept and methodology where cost-
effectiveness is quantified. 
 To achieve this aim, the following research objectives were formulated: 
 Objective 1: Analysis of the legislative and regulatory framework, if any, 
that hinder or encourage harvesting storm runoff (or RWH, used 
interchangeably) 
 Objective 2: To analyse the institutional capacity and policy options for 
stormwater harvesting  
 Objective 3: To analyse the technology options available  
 Objective 4: Perform a sensitivity analysis to determine the optimum size of 
the rainwater tank  
 Objective 5: An analysis of the cost-effectiveness of RWH based on selected 
case studies  
 Objective 6: Analyse the sustainability of roofwater harvesting  
 Objective 7: A general discussion of the findings, limitations and 
assumptions made  
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The conclusion and recommendations made would result in: 
i. A more sustainable development and utilisation of urban storm runoff as an 
additional freshwater resource for non-potable use 
ii. An improved urban water security and economy  
iii. Better water resource management through: 
a. Documentary pros and cons of collecting urban storm runoff through roof 
harvesting versus stormwater (i.e. retention and detention) ponds 
b. Improving the efficiency and cost-effectiveness for various non-potable 
use 
c. Improving social perception of health and other concerns in utilising 
roofwater for non-potable use 
d. Achieving the means of developing an enabling environment for broader 
application of urban storm runoff harvesting. 
iv. Stakeholders‘ involvement in developing stormwater harvesting as part of 
the sustainable urban water systems. 
 
1.4 Methodology 
 The research was conducted within the legal and non-regulatory framework, 
with sustainability overall in mind in order to determine the feasibility of RWH for non-
potable use in Singapore.  Within this framework, the environmental, economic, social 
and culture under sustainability are examined and analysed as they are major influence 
on the introduction and implementation of RWH. In economic analysis, the payback 
method is used to determine the cost-effectiveness of RWH (Chapter 5).  In deciding the 
optimum sized rainwater tank, the simulation model is used (Chapter 4). Different case 
studies from both the private and public sectors are used throughout to illustrate a point 
as required. 
 
1.5 Outline of the thesis 
 The thesis is arranged in chapters according to the research objectives described 
above plus one initial general introductory chapter, and one last general discussion and 
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conclusions (combined) chapter. The approach selected is such that the Chapters 2, 3, 4, 
5 and 6 represent self-standing units of research that contain their own literature review,  
      
 
 
Figure 1.1: The water cycle, Singapore  
Source: PUB 
 
Note: PUB manages the entire water cycle. Rainfall collected by drains is channelled into 
reservoirs, then treated to drinking standards and supplied to people and industries for 
consumption. The used water is collected through a sewerage system and treated at the Sewage 
Treatment Plants before discharging into the sea. With advanced membrane technology, used 
water is treated to high quality water called NEWater, now supplied to industries that require 
such high-grade water. NEWater is also channelled into several reservoirs. In September 2006 
desalinated water was added into the water supply. However rainwater harvesting, particularly 
roofwater harvesting, is still missing in the total water cycle. Singapore has not yet harvested 
free water from the sky for non-potable use so as to reduce pressure on mains water supply. 
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methods, results and discussion. All chapters are linked by the overall aim of the thesis 
and build upon the previous chapters. 
 Chapter 1 is the introduction where the background is depicted; the research 
problem, the aim and objectives of the research are stated. 
 Chapter 2 is an analysis of the legislative and regulatory framework, if any, that 
hinders or encourages RWH  
 Chapter 3 assess the institutional capacity and water policy options in Singapore 
and how rooftop RWH can fill the gap in the total water cycle (Figure 1.1)  
 Chapter 4 shows the technology options of stormwater harvesting: i) stormwater 
collection ponds, and ii) rooftop RWH; their respective yield and water quality 
 Chapter 5 presents an economic analysis of RWH based on the methodology of 
the payback period on selected case studies in Singapore 
 Chapter 6 is on the sustainability of roofwater harvesting 
 Chapter 7 discusses the originality of the research, findings, limitations and 
assumptions made, what further research needed, the recommendations and  
conclusions drawn up 
 
1.6 Original contribution to research  
The specific contribution of the thesis to existing knowledge of stormwater 
harvesting is made in two forms: i) proposed solution to the problem that RWH is 
relevant in a highly-technological developed country; ii) proposed methodology that if 
technical solutions are achieved, legislation, fiscal and financial incentives are to be 
implemented. The thesis shows how solutions can be implemented to close the gap in 
the total water cycle in Singapore.  
 
1.7 Papers produced 
 
Papers published  
Chen, D. C., Maksimovic, C., Voulvoulis, N. (2008) Singapore's Temasek Polytechnic  
proves stormwater payback potential. Water21 June 2008 in London, UK, IWA. 
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Chen, D. C., Maksimovic, C., Voulvoulis, N. (2010) Institutional capacity and policy 
options of an integrated urban water management: A Singapore case study. Water 
Policy (In Press) January 2010 doi:10.2166/wp.2010.073 
 
Refereed Papers 
Chen, D. C., Maksimovic, C., Voulvoulis, N. (2009) Economic analysis of rainwater 
harvesting for non-potable uses: A Singapore case study. Water International 
(submitted under review) 
 
Paper to submit 
Chen, D. C., Maksimovic, C., Voulvoulis, N. (2009) Roofwater harvesting in 
Singapore: How sustainable can it be? Water Science and Technology (in process of 
submission for review) 
 
Paper presented in conferences  
Chen, D. C., Maksimovic, C., Voulvoulis, N. (2009) Policy options of an integrated 
urban water management: A Singapore case study. Water Policy 2009 - Water as a 
Vulnerable and Exhaustible Resource, Prague, June 22
nd
-26
th
, 2009 in the Czech 
Republic. 
 
Poster presented in conferences 
Chen, D. C., Maksimovic, C., Voulvoulis, N. (2009) "Feasibility of urban storm runoff 
as additional freshwater source: A Singapore case study. 8th International Conference 
on Urban Drainage Modelling (8UDM) jointly with The 2
nd
International Conference on 
Rainwater Harvesting and Management, September 7-11, 2009 in Tokyo, Japan. 
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2.1 Introduction  
 Rainwater and snowmelt are the primary sources for all freshwater on earth. 
Collecting runoff from rainfall events can be classified into two types: land-based and 
roof-based. Land-based RWH occurs when runoff from land surfaces is collected in 
ponds, tanks and reservoirs. Roof-based RWH refers to collecting rainwater runoff from 
roof surfaces. Roof-based RWH is a much cleaner source of water and provides water 
that can be used both for landscape irrigation and for indoor non-potable purposes (or 
potable purpose if feasible). Roof-based RWH is the focus of this study. RWH have 
been in use for centuries and mostly have been developed by users with private funds. 
Few public sector decision-makers acknowledge the contribution RWH have made for 
water conservation and for water supply by including RWH construction guidelines in 
their building code. In the last decades great progress has been made in the 
environmental protection movement. As the public water supply systems have been 
unable to cope with the increasing demand for drinking water, the need for RWH 
systems has become evident and hence the guidelines for their  development. This 
chapter is a review of the existing RWH guidelines in major cities and countries that 
utilise RWH systems, to report on their progress, the problems related to RWH 
guideline development and suggestion for ways to establish universal RWH 
development guidelines, if possible. It is referenced to Singapore, the case study in this 
thesis, to see how these legislations, guidelines and other non-regulatory framework like 
financial and fiscal incentives can guide Singapore in implementing roof-based RWH.  
 
2.2 Existing building codes and guidelines 
 There is a handful countries in the world that have mandatory building codes 
that require construction of RWH systems to be included as part of a building for water 
supply purposes (potable and non-potable). The US Virgin Islands is one which has a 
building code mandated by the US Virgin Islands Department of Public Planning and 
Development. RWH system is a mandatory requirement for obtaining a residential 
permit in St. Thomas. A single-family house must have a catchment area of 112m
2
 and 
a storage tank with 45m
3
 capacity (UNEP-IETC, 2002). It specifies the capacity as a 
ratio of catchment area to the number of users, and provides specifications for cistern 
construction, as well as for gutters and down sprouts. However, there is no specification 
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as to the RWH tank materials to be used (Fok, 1997). Bermuda also has a building code 
similar to that of the US Virgin Islands where the catchment area and storage tanks are 
governed by its Public Health Act of 1949 (UNEP-IETC, 2002) The Act authorises 
regulations regarding the specifications of appurtenances, fittings and ventilation. The 
Plumbing and Drainage Regulation (1965) include provisions to prevent contamination 
of tank water as a result of defective plumbing or cesspits (which must be at least 20 
feet from the storage tank). The Water Storage Regulations (1951) require that at least 
fourth-fifth of the roof be adequately guttered for catching rainwater or provided with a 
ground catchment of equivalent size (Waller, 1982). The Act also directs the use of 
Bermuda limestone, concrete or galvanised iron sheets in the construction of tanks and 
roofs. The Public Health Act requires that catchments, tanks, gutters, pipes, vents, 
doors, and screen be kept in good repair and that catchments be kept painted and tanks 
kept free of leaks. Roofs are commonly repainted every two to three years. The Water 
Storage Regulations require that storage tanks must be cleaned at least once every six 
years (Waller, 1982). The Bermuda Department of Health (1994) requires a sample of 
the coating to be tested and approved for use in accordance with British Standards BS 
6920, and a United Kingdom (UK) officially approved test for determining the 
suitability of products for use in contact with drinking water, or an equivalent test. A list 
of approved water catchment coatings for 1993 has been compiled by the health 
department (Fok, 1997).  
Nova Scotia, Canada also has a RWH system guidelines enforced by the 
Department of Health. The guidelines describe details of the storage tanks and suggest 
storage capacity of 9.092 litres per capita, corresponding to three or four months of 
water supply for an average household (Fok, 1997). A first flush device for initial 
rainfall is also recommended. In the US, RWH has been used by rural residents on the 
island of Hawaii for more than a century. Because of a public health emergency in 
1987-1988 of lead contamination in the rainwater tank for drinking purpose, there is 
need for establishing RWH development guidelines. A draft developed in 1993 by 
Hawaii Department of Health does not recommend rainwater for drinking or cooking 
purposes, and that rainwater is to be disinfected for all other uses. There is no approved 
or certified material for constructing the rainwater tank for collecting rainwater for 
drinking. Users are directed to a specific address for information on approved or 
certified rainwater tank storage or piping materials (Fok et al., 1999). From the public 
health protection perspective, users are advised that although use of catchment water for 
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potable purpose is a private preference, they have a responsibility to prevent public 
crises due to substandard water quality. Individual water supply systems are not 
regulated under the Safe Drinking Water Act, however, catchment users should be 
aware of the risks of using substandard water for drinking (Fok et al., 1999). The 
rainwater cistern system (RWCS) development guidelines of Hawaii Department of 
Health's (1993) provide very good recommendations on the operation and maintenance 
on RWCS, so do the guidelines on rainwater catchment systems for Hawaii (Macomber, 
2004), the Texas manual on rainwater harvesting (Third edition) and the latest RWH 
potential and guidelines for Texas (TWDB, 2005, TWDB, 2006). Recommendations 
from these publications all suggested that: a) the catchment area should be cleaned of 
leaves, droppings, and other wind-carried deposits periodically. An alternative is to let 
the ―first flush‖ of storm event wash off those materials, then to collect the rainwater. 
To eliminate potential contaminants falling on the catchment area, all tree branches 
covering the area should be removed; b) the gutters that lead rainwater to the tank 
should also be periodically cleaned, and a screen to cover them; c) the screen covering 
the inlets to the storage tank should be cleaned periodically to avoid contamination of 
incoming rainwater (Fok et al., 1999). 
RWH in green building rating systems such as LEED (Leadership in Energy and 
Environmental Design) and "Built Green" are major drivers in adoption of RWH in the 
US (Moddemeyer, 2004). On the US mainland, The City of Tucson Land Use Code 
(LUC) requires that rainwater be harvested and put to beneficial use to support 
vegetation at new commercial developments, subdivisions, public buildings and public 
rights-of-way. The City of Tucson LUC states that landscaping is intended to 
accomplish energy, water and other natural resource conservation (LUC Section 
3.7.1.1.A) and to reduce soil erosion by slowing stormwater runoff and assisting 
groundwater recharge (LUC sections 3.7.1.1.A.4 and.5)(Sousa, 2006). The City of 
Tucson RWH Guidance Manual provides basic RWH information needed for the design 
of the sites subject to City requirements (Phillips and Sousa, 2006). LUC RWH 
requirements apply to commercial developments and not residential sites currently. 
Some municipalities have developed ordinances requiring RWH on every home built 
while others should at least develop incentive programmes to offset the cost to 
developers and builders by offering increased densities, water credits to name a few. In 
October 2008, Tucson became US first municipality to have a RWH ordinance for 
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commercial projects (Rotstein, 2009). Tucson developers building new business, 
corporate or commercial structures will have to supply half of the water needed for 
landscaping from harvested rainwater effective June 1, 2010 (Meinzen, 2009) This idea 
has spread to at least a dozen other Arizona communities and nationwide, with Georgia, 
Colorado and other states legislating to allow or expand use of various types. In addition 
Tucson‘s City Council also approved another measure requiring a plumbing hook-up in 
new homes so that wastewater from washing machines, sinks and showers may be sent 
to separate drain lines, if owners want, which can be connected to irrigation systems. 
The ordinance was brought about as landscaping needs account for about 40% of water 
use in commercial development, and also accounts for about 45% of household 
consumption (WaterTech online e-News Daily, 2009) 
In the state of New Mexico, Santa Fe County residences with 2,500 square feet 
or more area must install an active RWH system comprised of cisterns. All commercial 
developments are required to collect all roof drainage into cisterns for reuse in 
landscape irrigation (Meinzen, 2009). The Santa Fe, Albuquerque and Bernalillo 
Counties have mandated rainwater tank and RWH earthwork installation on new 
residential and commercial construction (U.S. Water News Online, 2008).  
In Texas, the House Bill 2430 required the Texas Rainwater Harvesting 
Evaluation Committee to recommend ways such as dual plumbing systems, to use RWH 
systems in conjunction with existing municipal water systems. If a RWH system is used 
in conjunction with a public water system, it is required that the rainwater pipe be 
labelled for non-potable uses (Texas Rainwater Harvesting Evaluation Committee, 
2006). The national water by-laws of most European countries also put strict controls on 
RWH systems to prevent contamination of mains water supplies by rainwater or 
inadvertent drinking of rainwater by individuals. The mains and RWH plumbing 
systems are kept separate and rainwater taps are clearly marked. Of specific concern in 
the UK is also accidental contamination of mains water with rainwater. The Water 
Supply (Water Fittings) Regulations 1999 are designed to prevent this. The legislation 
requires that a type AA air gap ensures that there is physical separation between the two 
types of water, ensuring that no rainwater can be drawn back into the mains water 
supply. The Water Regulations Advisory Scheme (WRAS) Information and Guidance 
Note number 9-02-05 dictates that all pipe work must be marked. Pipes carrying non-
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potable water must be clearly distinguishable from those carrying mains water, to 
ensure that there can be no accidental cross-connection (Environment Agency, 2003).  
Since July 2005, new residences in Victoria, Australia must have a rainwater 
tank for toilet flushing, or a solar hot water system. The building regulations in New 
South Wales require a 40% reduction in mains water usage. Thus a single dwelling unit 
design must include a rainwater tank for outdoor water use and toilet flushing and/or 
laundry. New homes in South Australia are also required to have a RWH system with 
tank plumbed into the house. In Gold Coast, Australia a 3,000-litre (800-gallon) 
rainwater tank is mandatory in the Pimpama Coomera Master Plan for all homes and 
businesses centres, approved for development after 29 August 2005 (Meinzen, 2009). In 
Queensland, recent changes are made to Queensland Development Code which is an 
integral to the Building Act 1975. To help the state address the issue of climate change, 
it is now mandatory to install RWH systems in residential, commercial and industrial 
buildings to meet water savings targets. MP 4.1 (sustainable building) and MP 4.2 
(water  savings targets), effective August 2008, require the installation of RWH system 
or a greywater treatment plant in all new class 1 buildings (houses, townhouses and 
terrace houses) and class 2 sole occupancy units (Queensland Government, 2008b, 
Queensland Government, 2009). MP 4.3 (alternative water sources - commercial 
buildings) mandates all new commercial and industrial buildings to have an alternative 
water source through installation of RWH system or a greywater treatment plant 
(Queensland Government, 2008a). Guideline on use of rainwater tanks  was also issued 
to help the residents (Australian Government, 2004). Table 2.1 shows a sample of 
domestic use of rainwater tanks in Australia from the Australian Bureau of Statistics 
(1994-2001). 
In Germany, The DIN 1989 rainwater utilisation systems standard applies to 
rainwater utilisation in the domestic sector and to commercial and industrial 
applications (Koenig, 2004). This standard ensures operational reliability and safety and 
stipulates simple inspection and maintenance procedures. Since rainwater utilisation 
system will be in service all year round, all system components have to be protected 
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Table 2.1: Domestic use of rainwater tanks in Australia from the Australian Bureau of Statistics (1994-2001) 
 
 
STATE/TERRITORY         HOUSEHOLDS WITH  RAINWATER TANK AS CAPITAL CITY*       NON-CAPITAL CITY
            RAINWATER TANKS  MAIN SOURCE OF   HOUSEHOLDS WITH          HOUSEHOLDS WITH    
                                          DRINKING WATER              RAINWATER TANKS  RAINWATER TANKS
       (%)    (%)    (%)                 (%) 
New South Wales              10      8      3    30 
Victoria               13    11      3    36 
Queensland               18    15      5    29 
South Australia     51    36    37    80 
Western Australia              11      8      5    30 
Tasmania               17    14      6    19 
New Territory                 3      2    nd    nd 
Australia Capital Territory          1               0.2    nd    nd 
Total                16    13      7    34 
Source: (Australian Government, 2004) 
 
Note: *For NSW, this includes the Sydney, Newcastle and Woollongong areas.   
nd= Not determined
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against frost. No connection may be made between the rainwater system and the potable 
water system so as to avoid contamination of mains water supply by rainwater. The 
feeding equipment from the mains water supply may only be made openly into the 
rainwater system with at least 30mm space, according to DIN 1989, part 1 
(2002)(Koenig, 2004). 
In 2006 the British Government announced a 10-year timetable towards a target 
that all new homes from 2016 must be built to zero carbon standards, to be achieved 
through a step by step tightening of the Building Regulations (Communities and Local 
Government, 2008). The Code for Sustainable Homes (The Code), as part of the 
requirements of the Building Regulations, was launched on 13th December 2006. It 
applies to England and Wales, Northern Ireland and is not applicable to Scotland. It is 
the new national standard for the design and construction of new homes and assesses 
homes against five levels to determine its sustainability, in terms of energy efficiency, 
water efficiency and other key areas such as waste management (Communities and 
Local Government, 2006). The aim is to reduce mains water consumption (by installing 
RWH systems for non-potable use) as well as CO
2
 emissions from a dwelling. From 
April 2008, all new social housing must be built to a minimum of Code level 3 (i.e. be 
25% more energy efficient as level 6 is zero carbon rated). Since May 2008 all new 
homes are mandated to be rated against the Code and for a Code certificate or nil-rated 
certificate to be included within the Home Information Pack (HIP) for prospective 
buyers. The target is that all new homes built from 2016 must be zero carbon rated. The 
Code thus mandates installation of RWH systems for water efficient in new homes 
progressively. 
In Korea, flooding is a major problem in summer while drought conditions can 
arise during winter. Seoul City made the first proactive rainwater regulation to enforce 
the installation of a RWH system in December 2004. The primary purpose is for 
prevention of flooding, and water conservation is a secondary (Han, 2006a). Citizens 
are required to fill and empty the rainwater tanks as directed  by the disaster prevention 
agency (Han, 2006b). The regulation promulgated by Seoul Metropolitan Government 
requires installation of rainwater tanks in new large buildings over a certain size (Han, 
2009c). The Disaster Prevention Board of Seoul City can control the multiple water 
tanks when heavy rain is expected. The building owners can also be ordered to empty 
Chapter 2                                                         Legislative and non-regulatory framework 
 
19 
 
the tanks to prevent sewer flooding. At other times, the stored rainwater can be used for 
non-potable purpose such as gardening and public toilet flushing. Suwon City initiated 
the Rain City which recognizes the importance of rainwater and tries to collect 
rainwater instead of draining it away. By August 2009, 21 cities in Korea have adopted 
the new rainwater regulation and announced themselves as the Rain Cities (Han, 
2009a). The Ministry of Land, Transport and Maritime Affairs (MLTM) announced that 
the new cities will be designed such that rainwater is collected instead of being drained 
and an amendment of design guideline is being made (Han, 2009b). The success of the 
rainwater management system at Star City triggered the Seoul Metropolitan 
Government to change the rainwater policy, to make a Water Circulation Type Green 
City (September 4, 2008)(Han, 2009c), from drain to storage for ―all by four all‖. This 
means: i) collect all rainwater, ii) using all methods, iii) from all places and iv) by all 
people (Han, 2009a, Han, 2009c). Korea Ministry of Environment (MOE) also proposed 
a law that all government buildings collect rainwater from the roof and use it (Han, 
2009b).  
Sumida City in Japan has been promoting integrated rainwater utilization since 
Ryogoku Kokugikan Sumo-wrestling Arena was built in 1985 (Murase, 2009b).  As the 
result of active promotion by Sumida Ward government, RWH and utilization has been 
promulgated to many buildings and condominiums/apartments and Rojisons (simple 
rainwater utilisation facility) much utilized in communities (UNEP-IETC, 2002). In 
March 1995, Sumida City Hall implemented the ―Rainwater Utilization Promotion 
Guidelines‖ stating that: i) RWH system and utilisation should be installed for future 
construction of the city facilities, ii) for fixed scale development (over 500m
2
), the 
developer should be encouraged to use RWH, iii) subsidies should be given to citizens 
for rainwater tanks. RWH and utilisation is now flourishing at both the public and 
private levels. 
To implement rooftop RWH systems in Taiwan for domestic water use, the 
Water Resources Bureau, Ministry of Economic Affair, has published the ‗Rainfall 
Catchments and Dual Water Supply System- Handbook‘, a reference for engineers in 
preliminary building design. Taiwan‘s Architecture and Building Research Institute 
(ABRI), a unit of the Ministry of the Interior, aims to promote green buildings where 
RWH is one of the "Water Conservation 36 Top Tips" listed on Taiwan Water 
Resources Agency (WRA) website (Crook, 1992). The Green Building Promotion 
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programme, launched in March 2001 until December 2007, also aims to conserve water. 
It included mandatory green building design for new governmental buildings and green 
remodelling for existing ones. Its certification system include the 4 categories--ecology, 
energy saving, waste reduction and health (EEWH) which is roughly equivalent to the 
LEED Green Building Rating System in the US and Comprehensive Assessment 
System for Building Environmental Efficiency in Japan. Because of different climatic 
conditions and local environmental issues, the two systems possess different evaluation 
items and weighting factors. LEED water efficiency accounts for only five points and 
all points are optional, while for EEWH water conservation is given greater weighting. 
 
2.3 Non-regulatory framework 
 Other than ordinances, incentives are given to promote RWH. In 2001, the 
Texas legislature amended the Texas Tax Code allowing government the option to 
exempt from taxation all or a part of the assessed value of the property on which water 
conservation modifications have been made. In Austin, the residents can buy rain 
barrels at subsidized rates and claim a rebate for the installation of approved cistern 
systems. Commercial and industrial properties can collect rebates up to US$40,000 for 
installation of RWH and grey water systems. In the City of San Antonio, Texas, the San 
Antonio Water System‘s (SAWS) will give up to 50% rebate on the cost of new water-
saving equipment, including RWH systems, to its commercial, industrial and 
institutional customers. Rebates are calculated by multiplying acre-feet of water 
conserved by a set value of US$200/acre-foot (Meinzen, 2009). In Arizona a one-time 
tax credit of 25% of the cost of water conservation system (defined as any system which 
can harvest residential grey water and/or rainwater), subject to maximum limit of 
US$1,000, is given to residents who has purchased a RWH system on or after January 
1st, 2008. A tax credit up to US$200 per residence unit constructed with a water 
conservation system is given to builders.  
 During the 1976-1977 drought residents of Monterey Peninsula in California 
used cisterns to store grey water and rainwater to irrigate their lawns. The California 
Assembly Bill 1150 was signed into law in July 1980 as the Water Conservation Tax 
Credit Law which provides for a 55% tax credit of up to US$3,000 for implementation 
of the grey water or rainwater cistern and for the installation of water conservation 
features (such as the low capacity toilet tanks). The tax credit is an incentive measure 
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for rainwater conservation and is subtracted from the amount due to the State of 
California. The California Water Conservation Tax Credit Law (Bill 1150) was the first 
bill in the U.S. that applies institutional policy to encourage water conservation and 
reuse (Fok, 1982). In Ohio, on the other hand, no incentive measures were given to 
encourage development of rainwater cistern system. Instead Ohio institutional policy 
seems only protective of the general health of users. The Ohio Department of Public 
Health rules on private water systems. In Chapter 3701-28 (12 September 1980), a 
permit for private water system will be issued where all requirements (a long list given) 
have been met. More than 63,000 privately owned water systems are farm ponds which 
have long been used as sources of private water supply (Fok, 1982). 
The Queensland Government in Australia implemented the mandatory water 
saving targets for new homes through the Queensland Development Code. Monetary 
rebate of up to A$1,500 are given to residents for the purchase and installation of new 
rainwater tanks including installation, pumps, diverters and the slab, under its Home and 
Garden Waterwise Rebate Scheme. The rebate is additional to any rebates offered by 
local councils however the total rebate received from both sources cannot exceed the 
combined purchase price and installation cost (Building Services Authority, 2006). In 
addition plumbing approval is required in accordance with the Plumbing and Drainage 
Act 2002 and the Standard Plumbing and Drainage Regulation 2003 where the tank is 
supplied with mains water backup.  
In Europe, Germany is a great example of RWH. Rain taxes are collected for the 
amount of impervious surface on a property that generates storm runoff directed to the 
local storm sewer (Meinzen, 2009). This is a large incentive to convert impervious 
pavement/roof into a porous surface. The more rainwater is collected and conserved, the 
less rainwater is added to the storm drains which allow for smaller storm sewers and in 
turn, saves construction and maintenance costs at the site.  
In Korea, Seoul City made the first proactive rainwater regulation to enforce the 
installation of a RWH system in December 2004. The main purpose is to mitigate urban 
water flooding, and secondarily to conserve water. Citizens are required to fill and 
empty the rainwater tanks as directed by the disaster prevention agency (Han, 2006b). 
Since the ―Rainwater Utilization Promotion Guidelines‖ stating that subsidies 
would be given to citizens for rainwater tanks, 31 local governments besides Sumida 
City have subsidized rainwater tanks throughout Japan. These include Takamatsu City, 
Fujisawa City, Kawaguchi City, Tama City and Katsushika City. To make people aware 
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of the importance of rainwater, people for rainwater (PR) movement was born and the 
world‘s first Rain Museum to promote RWH world was opened in  Sumida City 
(Murase, 2009a). In Germany one objective of subsidizing rainwater is to conserve 
groundwater. Hence the subsidy is not only rainwater use facilities but also facilities for 
rainwater permeation underground. When rainwater is discharged into drains, drain fees 
are collected; but when rainwater is used, the local German government rebates the 
sewerage service charge. Such a system currently does not operate in Japan but is being 
examined. 
 
2.4 Policy for rainwater harvesting development 
The best process for policy making is to have inputs from cultural, social, 
environmental and economic considerations. Ideally, these considerations should come 
from grass root communities, the water users. Alternative water supplies should be 
presented for their selection, along with the advantages and disadvantages (Fok, 1993). 
With limited financial support from central, provincial and local government as was the 
case in Hawaii, water users should be informed and motivated to commit their own 
share of the cost and labour for the construction and operation of their RWH systems. In 
a democratic country, the national policy can be initiated from either its citizens and /or 
government. A national policy is developed for the benefit of the citizens. Therefore, 
citizens‘ participation in the national policy-making process is most necessary. A viable 
national policy requires dialogue and partnership between the government and the 
citizens-who have rights to make selections from alternative policies. Once selection has 
been made, the government executes the policy. From the concept stated, the best 
process for formulating RWH development as a national policy is to consider the 
cultural, environmental, and economic background of the communities—the users. 
Alternative water supply system (e.g. NEWater and desalination in Singapore‘s case) 
should be prepared by the government, together with the advantages and disadvantages 
of each alternative for users‘ selection, as related to long term plans for community 
development.  
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2.5  Discussion 
Regulations on RWH systems thus vary broadly from prohibition (without 
owning water rights as in some states in the US) to mandating RWH in new homes (e.g. 
Australia and UK) or for irrigation of commercial properties (e.g. Arizona, US). One of 
the issues of RWH is the national plumbing codes and avoidance of cross-connection. 
RWH policy has implications not only for addressing water shortages, but also for 
reducing energy use and related carbon emissions. Water treatment is energy-intensive 
consuming a lot of energy. According to the American Council for an Energy-Efficient 
Economy, municipal water supply and wastewater treatment systems account for about 
35% of energy used by the municipalities. This is because water (as well as wastewater) 
agencies rely on electricity to pump, treat and distribute water. As local governments 
face mandatory emissions reductions, saving water may be a cost-effective way to 
reduce carbon emissions as it requires little capital investment compared with other 
strategies. When developing a policy or ordinance for RWH the following criteria 
should be considered:  
 It is economically viable, ecologically sustainable, achievable and measurable 
 It is easy for the public to understand and simple to implement  
 It is reviewed by actual RWH professionals 
 It is to include education and technical training for the public, staff and elected 
officials 
 It is to include financial support e.g. subsidies or grants for low-income 
communities 
Presently, Singapore has no ordinance like the Building Code that mandates 
installation of RWH system in commercial, industrial and residential developments. 
There is also no tax credit, rebates or financial incentives for purchasing rainwater tank 
and its system. As starting a journey, there are no specific standards for rainwater 
plumbing for RWH system. To ensure RWH system is implemented, it cannot be 
voluntary compliance when cost is involved. Building Code mandating installation of 
RWH system is required. Rainwater management has to be proactive, such as public 
involvement in rainwater management. Secondly, bank financing with microcredit 
project is helpful. Singapore has the NEWater Visitor Centre to educate the public on 
reclaimed water (i.e. NEWater). Similarly, a rainwater museum can be set up in 
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Singapore, similar to that in Korea and Japan, to educate and make the public aware of 
the different technologies available for RWH.  The best way to inform the current 
generation is to use mass media: television newspapers and the internet. For special 
groups, a unique education programme can be developed. 
 
2.6 Conclusion  
RWH is an under-used technology and strategy that can provide multiple 
benefits, such as improved stormwater quality, reduced stormwater volume, municipal 
water conservation and enhanced landscapes to provide comfort in urban environments. 
The best RWH policies protect public health and promote sustainability. Through a 
combination of legislation, incentives, taxes and penalties, RWH systems can be 
successfully implemented in Singapore. Restrictive policies create barriers to 
implementation and add unnecessary costs, but well-designed policies encourage RWH 
and help to maximize the benefits of implementing these systems. The multipurpose and 
proactive rainwater management will be a very promising approach. A worldwide 
network of researchers in RWH, as well as citizens, can be engaged to promote 
rainwater management. The thesis recommends this approach. 
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3.1 Introduction 
A global consensus was developed in Dublin at the International Conference on 
Water and the Environment in 1992 on how to manage water resources holistically and 
sustainably. Singapore adopted the Dublin Principles on Integrated Water Resources 
Management (IWRM). At the 2nd World Water Forum in 2000 in The Hague, it 
became obvious that everyone needs to participate to achieve water security 
(Rijsberman, 2000). The development and management of freshwater resources can 
only be brought about by commitment, from the highest governmental levels to the 
lowest community levels, involving significant investments, public education, 
legislative and institutional changes, technology and capacity-building.  
Political stability, societal leadership, political will and public-private 
partnership are important ingredients in the achievement of water security and 
sustainability. This is demonstrated in Singapore, selected as a case study on diversified 
Integrated Urban Water Management (IUWM).  Singapore‘s annual average rainfall of 
2,400mm is well above the global average of 1,050mm (Table 3.1) (MEWR, 2005b, 
Kog et al., 2002). Before 2002 when it only had two ―National taps‖—the reservoirs 
and imported water, Singapore was considered a water-scarce country because of its 
limited land area to catch the rainfall. Singapore‘s population is projected to grow to 6.5 
million over the next 40 to 50 years to sustain continuing dynamic economic growth 
(Associated Press, 2007). To achieve this, it must meet demand for increased water 
consumption from the residential, commercial and industrial sectors. Singapore has now 
achieved near self-sufficiency through careful planning and leveraging on technology. It 
heavily relies on technology to produce recycled used water (NEWater) and desalinated 
water as an additional water source, and will have a robust water supply for a long time. 
Singapore‘s water catchment will increase from one-half to two-thirds the size of the 
island when the Marina Reservoir and the Punggol-Serangoon Reservoir Schemes are 
completed by 2011 (PUB, 2005, MEWR, 2008b). Through technological advances, 
Singapore hopes to extend its water-capturing areas to 90% of Singapore Island to serve 
as water catchment. If rooftop RWH is implemented as a decentralised, additional 
freshwater source to complement and/ or supplement the centralized mains water  
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Table 3.1 Key environmental statistics (2004-2007) 
 Unit 2004 2005 2006 2007 
Water Resource Management
1
      
Drinking water (% access) %  100 100 100 
Adequate sanitation (% access) %  100 100 100 
Drinking water quality (meeting WHO 
standard) 
%  99.96 99.99 99.96 
Water consumption as % of water demand 
met by total water resources 
%  100 100 100 
Unaccounted for water %  5 4.5 4.4 
Water Supply
1
      
No. raw water reservoirs in Singapore   -  14 14 14 
No. rivers -  32 32 32 
No. desalination plants -  1 1 1 
No. storm water ponds -  15 15 15 
Potable water sales in Singapore:      
– domestic  ‗000m3/day  694 702 724 
– non-domestic ‗000m3/day  512 528 524 
– total ‗000m3/day  1,206 1,230 1,248 
No. of NEWater plants -  3 3 4 
Sale of NEWater ‗000m3/day  73 81 134 
Sale of Industrial Water ‗000m3/day  107 112 80 
Volume of used water treated ‗000m3/day  1,352 1,399 1,469 
Water Demand
1
      
Domestic water consumption per capita Litres/day 162 160 158 157 
       
Singapore population
2
 Million 1.89 2.74 4.03 4.84 
Land area
3
 m
2
 670 670 689 707 
       
    1970s 1980s 1990s 2005 
Flood prone areas
4 
 Hectares 3,180 1,520 280 150 
Rainfall (annual average)
5 
 mm 2400 
Source: (MEWR, 2008a, PUB, 2005, MEWR, 2005b, NationMaster, 2005, Singstat, 2008, 
MEWR, 2008b) 
 
Note: 
1
 MEWR (2008a), Key Environmental Statistics 2008. 
2
 Singstat, 2008. Times series on population, Singapore Department of Statistics  
3
 NationMaster (2005), NationMaster, Geography Statistics-Land area (sq. km) by country  
4
 MEWR (2005b), State of the Environment 2005 Report, Singapore  
5
 MEWR (2005b), State of the Environment 2005 Report, Singapore  
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system this target could easily be met. Presently 50% of freshwater is from local 
catchments, and more than 40% is imported water from Malaysia. Singapore‘s national 
Water Agency, the Public Utilities Board (PUB), adopted the `Four National Taps‘ 
strategy to increase water resources (MEWR, 2005a). Singapore‘s institutional structure 
and capacity have evolved and transformed over the decades, particularly the policies 
responsible for success and the lessons that might be of value to the rest of the world. 
Singapore has revolutionised from a conventional single water supply (i.e. reservoir) 
system into the present diversified water resources system (i.e. water from local 
catchment, imported water, recycled used water and desalinated water). The research 
summarised in this thesis suggests that Singapore can achieve greater sustainability by 
introducing rooftop RWH as an additional freshwater source as this has not been 
exploited to a significant scale so far. 
 
3.2 Evolution of institutional capacities and diversification of water supply 
The Singapore Municipality provided water when Singapore was first founded 
in 1819. The first piped water was made possible when its oldest reservoir, MacRitchie 
Reservoir, was built. This was followed in 1910 by Kalang River Reservoir (renamed 
Pierce Reservoir in 1922) and Seletar Reservoir in 1920 (Kwa and Joey, 2002). The 
City Council took over the Municipal Commission‘s responsibilities when Singapore 
acquired city status in 1951. PUB, inaugurated in 1963, assumed this responsibility. 
Singapore‘s water supply capacity has been developed by the Water Agency since 
independence in 1965. 
Singapore‘s focus is on capturing and storing surface water as it does not have 
significant underground water. The Western Catchment Scheme, started in 1977 and 
completed in 1981 at a cost of S$67 million, dammed the river estuaries of Murai, 
Poyan, Sarimbun and Tengeh in the western part of Singapore (Dudley and Stolton, 
2003). The Sungei Seletar-Bedok Water Scheme was completed in 1986 by creating the 
now Lower Seletar and Bedok Reservoirs (Kwa and Joey, 2002). Its unique feature was 
the construction of the nine stormwater collection stations to tap storm runoffs of the  
surrounding urbanised catchments. These reservoirs and stormwater collection ponds 
enable Singapore to collect on average about 680,000m
3
 of rainfall daily (Lee, 2005). 
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Figure 3.1: Water links to Malaysia  
Source: (Kwa and Joey, 2002) 
 
 
 
 
With the daily water consumption at 1.2 million m
3
 per day, Singapore local catchment 
can supply about 50% of Singapore‘s daily water needs. This does not include direct 
rooftop RWH for non-potable use. If direct roof RWH is implemented, it will achieve 
greater sustainability. 
Singapore‘s first water supply from Johor was in 1932 when the Gunong Pulai 
Scheme was started (Figure 3.1). Singapore receives half of its approximately 300 mgd 
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(1.36 million m
3
/day) usage from Johor, and another 150 mgd (0.68 million m
3
/day) 
from its Central Catchment Reservoirs. During the City Council years (1951-1963), the 
1961 (Tebrau and Scudai Water Agreement) and 1962 (Johor River Agreement) 
Agreements (Table 3.2) were signed with the Johor State Government. Singapore also 
signed the 1990 Linggiu Dam Agreement with Malaysia. Over S$1 billion (i.e. US$500 
million) had been spent on the Johor water projects to obtain water supply from 
Malaysia (Ministry of Information, 2003). Malaysia and Singapore have yet to agree on 
raw water pricing when the respective 1961 and 1962 Agreements expire in 2011 and 
2061 (Lim, 2003). Singapore has also looked elsewhere for water as Malaysia had 
threatened to cut off its water supply, at various times whenever specific diplomatic, 
economic or political stances ran contrary to Malaysia‘s interests since its acrimonious 
separation from Malaysia in 1965 (Kog, 2004). In 1991 a bilateral Water Agreement 
was signed with Indonesia to develop water resources on the Riau province to supply 
water to Singapore for 50 years (Kwa and Joey, 2002, Kog, 2001). Total investments in 
the Riau projects would amount to US$10.3 billion over the lifespan of their 
development (Straits Times, 1991, Straits Times, 1993). This would also make 
Singapore vulnerable (Kog, 2004). As in 2002, Singapore only had two national taps: 
local catchment and imported water from Malaysia. Because of its vulnerability in water 
supply, the Water Agency developed a new plan to increase water self-sufficiency for 
the post-2011 period, by increasing efficient water management, implementing new 
water-related policies, investing heavily in water technologies such as desalination, 
reuse of wastewater and catchment management. Technologies were harnessed to 
produce NEWater and desalinated water as Singapore‘s third and fourth national taps. 
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Table 3.2: Contents of The 1961 & 1962 Water Agreements with Malaysia  
 1961 Agreement: Price revision in 25 
years and arbitration
 
1962 Agreement: Price revision in 25 years 
and arbitration
 
      Combined Agreements
 
Singapore
 
Johor to supply 100 mgd (0.46 million 
m
3
/day) of raw water from Sungei 
Tebrau and Sungei Skudai for 50 years 
at cost: RM0.03 for every 4,546m
3 
(1,000 gallons).
 
Johor to supply 250 mgd (1.15 million m
3
/day)  
of raw water from Sungei Johor for 99 years at 
cost: RM0.03 for every 4,546m
3 
(1,000 gallons).
 
Allows water drawing up to    
350 mgd (1.61 million m
3/
day). 
 
Johor 
 
 
Johor to pay Singapore RM0.5 for every 
4,546m
3 
(1,000 gallons) of treated 
water, which costs Singapore RM2.40 
to treat for every 4,546m
3 
(1,000 
gallons).
 
Johor pays Singapore RM0.5 for every 
4,546m
3 
(1,000 gallons) of treated water, 
which costs Singapore RM2.40 to treat for 
every 4,546m
3 
(1,000 gallons). 
 
N/A 
 
   1961 Agreement: On expiry in 2011 1962 Agreement: On expiry in 2061 
 
N/A 
Singapore  No provision of raw water; Johor 
willing to supply same 100 mgd (0.46 
million m
3
/day) of treated water, if 
Singapore desires. 
Johor will take over treatment plant at Sungei 
Johor, and is willing to supply to Singapore: 
i) 100 mdg (0.466 million m
3
/day) of raw water;  
ii) 250 mdg (0.15 million m
3
/day) of treated 
water. 
N/A 
 
Source: (Ministry of Information, 2003) 
Note: i. RM = Malaysian Ringgit 
         ii. The 1961 Agreement is for a period of 50 years expiring in 2011. The 1962 Agreement is for a period of 99 years, expiring in 2061.  
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3.3 Policy options 
Sound water policy is Singapore‘s top priority because it is crucial to 
Singapore‘s survival. Planning for water policies started from the outset, coordinated by 
the Prime Minister‘s Office. According to the Chairman of the World Water 
Commission on Water for the 21st century, almost all countries today have inadequate 
water policies as water use is unsustainable in many places (Serageldin, 1999). If 
everyone learned how to live with existing resources and planned better for the future, 
water problems could be managed (International Institute of Sustainable Development, 
1998). The World Bank postulates that government is the essential force behind 
successful water policy, strategy, planning and implementation (World Bank and IBRD, 
2006). To implement different elements of its water policies, a key component of 
Singapore‘s water resource management is institutional reform to concentrate all water-
related administration under one roof. 
3.3.1 Institutional reform  
 In the past, water supply and sewage treatment were managed separately by 
different institutions. To implement the IWRM strategy, PUB was reconstituted as a 
single water authority in 2001 to have control over the complete water cycle. The 
Sewerage and Drainage Departments of the Ministry of Environment( MOE) were 
integrated with PUB‘s Water Department to form the new PUB, which was transferred 
to the MOE from the Ministry of Trade and Industry (PUB, 2001). The reconstituted 
Water Agency is a comprehensive water authority whose responsibilities extended to 
include sewage treatment and reuse, flood control, water resources and supply, with 
control over the entire water loop (PUB, 2001). The Ministry of Environment and Water 
Resources (MEWR) was formed on 1 July 2002 to replace MOE, and PUB became part 
of MEWR. The newly established MEWR has full responsibility for water-related 
affairs, policy formulation, planning and infrastructure. It eliminates administrative 
barriers in water management and makes implementation effective and efficient. The 
Water Agency, MEWR and other government agencies‘ emphasis is now on 
sustainability with the people-private-public sectors (the 3P Partnership, section 3.3.6) 
working with the Water Agency to achieve environmental sustainability.  
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3.3.2 Integration with other sector policies 
Singapore‘s water management involves the integration of land use planning 
with water resource management. The Urban Redevelopment Authority (URA) has an 
active role in national planning and industrial estate development where water is an 
important element. In addition to the URA, the Water Agency works closely with the 
Housing & Development Board (HDB), National Environmental Agency (NEA), 
Jurong Town Corporation, Land Transport Authority (LTA) and other governmental 
agencies.  
Singapore does not have a combined sewage system. The separate sewage 
system allows used water to be collected, treated and reclaimed for producing NEWater. 
The separate waterways are kept clean and they have become a key source of 
Singapore‘s water supply. Considering the multi-faceted challenges involved in 
technical inputs, cost-effectiveness, social acceptability, environmental protection and 
public health concerns, an effective integrated policy is necessary (Livingston et al., 
2004). Singapore is successful in its water and wastewater management because of its 
concurrent emphasis on supply and demand management, wastewater and stormwater 
management, institutional effectiveness and an enabling environment (Tortajada, 
2006b).  
3.3.3 Supply management 
 Singapore does not have significant natural groundwater or aquifer, thus surface 
water resource will always be an important source of water supply (Kwa and Joey, 
2002). Maximising the local catchment is one facet of the strategy to increase water 
resources. In the 1960s and ‘70s, new reservoirs and stormwater ponds were built to 
expand water supplies (Figure 3.2). Through coordination between the various 
government agencies in the land use planning, housing, environment, trade and 
industry, and transportation, a massive 10-year cleanup programme for the Singapore 
River was launched. The clean-up was significant as it facilitated the development of 
more water catchment areas. Singapore‘s 14 reservoirs will be increased to 17 by the 
end of 2011 to serve a population of 4.5 million (CIA, 2006). To maximise storage 
capacity, an Integrated Reservoir Scheme, completed in 2007 at a cost of S$18 million, 
connects the 14 reservoirs together through a system of pumps and pipelines. This helps 
maximise the yield capacity of the reservoirs (MEWR, 2005b, MEWR, 2008b).  
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 NEWater is the pillar of Singapore water supply diversification strategy. It is the 
result of an important shift in paradigm, where wastewater is an important resource to 
be recycled and reused (Khoo, 2006). A new term ‗used water‘ was substituted for 
‗sewage‘ to encourage the public to look at water as a renewable resource. NEWater is 
aimed partly to replace imported water under the 1961 Agreement as 20% of water 
supply could be replaced through this means. With four NEWater plants currently in 
operation it has already exceeded the target to meet 15% of Singapore‘s water demand 
by 2010 (PUB, 2008c). When Changi NEWater plant is completed in 2010, NEWater 
will be able to meet 30% of Singapore‘s water needs by the year 2011 (PUB, 2008c). 
NEWater is primarily for the wafer fabrication plants, which need ultra-pure water for 
wafer manufacturing processes. This achievement is the first in the world (Tao et al., 
2006). The increased demand for NEWater from the commercial and industrial sectors 
will release more potable water (Table 3.1). It is hoped that NEWater will meet a 2.5% 
targeted for water consumption, for indirect potable use by 2011 (UNEP and GEC, 
2005). Societal acceptance and institutional adaptation are critical in the acceptance of 
technological innovation (Frew and Marriner, 2007). NEWater‘s evolution has spanned 
over three decades from the first NEWater Masterplan in 1972 (PUB, 2005). It was 
introduced after continuous research and preparation. Singapore‘s high public 
acceptance is in contrast to Australia's driest state, Queensland‘s proposal to add 
recycled wastewater to its drinking water supply. Queensland‘s proposal was publicly 
rejected even though it is already used for irrigation (McGuirk, 2007). Critics claimed 
that the rejection was mainly out of fear (Frew and Marriner, 2007, Manners and 
Dowson, 2006). The Australian Prime Minister‘s Office provision of A$10 billion 
(US$7.7 billion) to tackle the problem was also inadequate (BBC, 2007) Singapore‘s 
success was because of its open engagement on the necessity of accepting reclaimed 
water to supplement its water supply. 
3.3.4 Demand management  
During the last two decades, the IWRM put in place a comprehensive demand 
management policy, with a multi-prong approach in water conservation to keep 
consumption levels in check. This includes public education, water pricing, mandatory 
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Figure 3.2: Singapore 14 reservoirs, 6 waterworks, and 15 service reservoirs  
Source: (PUB, 2002b)
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Figure 3.3: Singapore per capita consumption (1994-2007)  
Source: (MEWR, 2005b, MEWR, 2008b, PUB, 2008d) 
 
 
 
water conservation requirements, a Water Efficiency Labelling Scheme (WELS) in 
(Australian Government, 2006, PUB and SEC, 2006) homes, and efficient management 
of water distribution (Australian Government, 2006, PUB and SEC, 2006). Per capita 
domestic water consumption decreased from 176 litres per day in 1994 to 157 litres per 
day in 2007 (Figure 3.3) (Kwa and Joey, 2002).  
Singapore‘s water tariff recovers the full cost of production and distribution. All 
homes and industries are metered for water charges. A water conservation tax is also 
levied by the government to reflect the limited supply of water and the higher 
incremental cost of additional supplies. The current tariffs levied have not been 
increased since July 2000, and are summarized in Table 3.3. Mandatory measures 
include the use of low-capacity flushing cisterns and constant flow regulators (Kwa and 
Joey, 2002, Khoo, 2006). Labelling in WELS will be mandatory for taps, flushing 
cisterns and urinals from July 2009 (PUB, 2008c). Results have been encouraging as 
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domestic water consumption per capita in 2003 was reduced from 165 litres per day to 
158 litres per day in 2006 (Figure 3.3) (Khoo, 2006). 
Public awareness is promoted through education, fiscal incentives and 
disincentives, and legislation. Incentives are offered to encourage private sector 
initiative in wastewater recycling and reuse. The Water Efficiency Fund provides 
companies with financial incentives to look into efficient ways of managing water 
demand and to develop alternative water sources (PUB, 2008c). The tariff for industrial 
water is eight times lower than that for potable water, and liberal tax rebates are 
provided for factories that install water saving plants under the Economic Expansion 
Incentives Act (Relief from Income Tax) Chapter 86, section 67 (e), 1994 (ed) (Yap, 
1995). Vigorous ongoing water mains replacement, leak detection, and accurate 
 
 
 
 
Figure 3.4: Singapore per capita consumption compared to other cities in 2004  
Source: (MEWR, 2005b) 
 
 
 
metering have resulted in lowering unaccounted-for water (UFW)  from 11 in the 1980s 
to 10.6% in 1989 and to 5.2% in 2004 (Figure 3.5) (NEA, 2005). With this integrated 
approach, Singapore‘s domestic water consumption compared very favourably with that 
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of other countries (Figure 3.4), and was reduced from 162 litres per capita per day (lcd) 
in 2004 to 160 lcd in 2005 (Figure 3.3), with Amsterdam at 156, Hong Kong 203, 
Sydney 254, Tokyo 268 and Los Angeles 440 lcd. The present target is domestic water 
consumption of 155 lcd by 2012 (PUB, 2006, MEWR, 2008b).  
3.3.5 Harness technologies  
The Water Agency‘s goal is to help in technology development and lead in 
harnessing water technologies to achieve sustainability. Some S$30 million has already 
been invested in R&D projects, which have contributed to Singapore‘s `Four National 
Taps‘ strategy to provide adequate water supply (MEWR, 2004). Desalination, reverse 
osmosis, membrane technology and their declining cost have enabled cities like 
Singapore to solve their water problems (Koh, 2008). Desalination costs fell from 
US$1.80/m
3
 in 1997/1998 to about US$0.70/m
3
 by 2001. They may fall further, making 
desalination as attractive as recycling, which presently is 50-60% cheaper than 
desalination (Koh, 2008). Tuas Desalination Plant, at a cost of S$200 million (i.e. 
US$120 million) in 2005 is Singapore‘s first and the largest seawater reverse osmosis 
(SWRO) project in Asia and one of the largest in the world. It produces 10% of 
Singapore‘s national water demand. The desalinated water cost in the first year of 
operation was S$0.78/m
3
 (i.e. US$0.49/m
3
), the world's lowest for desalinated seawater 
(Black and Veatch, 2006), in one of the most energy-efficient SWRO plants ever built 
(Tortajada, 2006a). Desalination costs are reasonable when compared to the 
construction costs of catchments and reservoirs. The Bedok/ Sungei Seletar Reservoir 
Scheme cost S$11.35/m
3
, 5 - 8 times higher than in less built-up regions in Malaysia or 
Indonesia (Yap, 1995).  
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Table 3.3: Water tariffs (1997-2006)  
   Before 1 July 1997 Effective 1 July 1997 
Tariff Category  Consumption block  Tariff WCT  WBF Tariff  WCT  WBF    
(cents/m
3
)   (m
3
/month) (cents/m
3
) (%) (cents/m
3
) (cents/m
3
) (%) 
      
Domestic  1 to 20 56 0 10 73 10 15 
 20 to 40 80 15 10 90 20 15 
 Above 40 117 15 10 121 25 15 
Non-domestic All units 117 20 22 117 25 32 
Shipping All units 207 20  - 199 25  - 
 
  Effective 1 July 1998 Effective 1 July 1999 Effective 1 July 2000 
Tariff Category  Consumption block  
 (m
3
/month) 
Tariff  
(cents/m
3
)
 
WCT  
(%) 
 WBF  
(cents/m
3
) 
Tariff  
(cents/m
3
)
 
WCT  
(%) 
  WBF  
(cents/m
3
) 
Tariff  
(cents/m
3
)
 
WCT 
  (%) 
  WBF 
(cents/m
3
) 
Domestic  1 to 20 87 20 20 103 25    25 117   30    30 
 20 to 40 98 25 20 106 30    25 117   30    30 
 Above 40 124 35 20 133 40    25 140   45    30 
Non-domestic All units 117 25 42 117 30    51 117   30    60 
Shipping All units 199 25 - 192 30     - 192   30     - 
 
Source: (Tortajada, 2006a) 
Note:   1. Water Conservation Tax (WCT): levied by the government to reinforce water conservation; 2. Waterborne Fee (WBF) and Sanitary Appliance Fee 
(SAF): Statutory charges prescribed under the Statutory Appliances and Water Charges Regulations to offset the cost of treating used water and for the 
maintenance and extension of the public sewage system. SAF is S$3 per sanitary fitting per month. 3. WBF and SAF charges are inclusive of goods and 
services tax.
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Figure 3.5: Singapore unaccounted-for water (1989–2007) 
Source: (PUB, 1989) to (PUB, 2008c, MEWR, 2005b) 
 
Note: In the early 1980, UFW was about 10% of total water output. This was viewed with 
concern. PUB intensified its efforts to reduce its UFW by implementing various measures 
broadly categorized as: i network management; ii leakage control; iii metering policy; and iv 
legislation on illegal draw-offs. This ensures UFW is kept to a minimum at about 5%. 
 
 
 
Singapore‘s NEWater application is the world‘s largest non-potable wastewater 
reuse system (World Bank and IBRD, 2006). Its NEWater strategy created the template 
for all water agencies that are looking to introduce potable water reuse (PUB, 2008b). 
The Deep Tunnel Sewerage System (DTSS) is cutting-edge technology, the world‘s 
longest tunnel excavation by earth pressure balanced shield (SATO et al., 2004). At a 
cost of S$3.65 billion in the first phase of the project, DTSS was constructed to provide 
Singapore‘s long-term sustainable solution in used water collection, treatment and 
disposal for the next 100 years (MEWR, 2008b, PUB, 2008c). It is more cost-effective 
than the renewal and expansion of the existing system, phasing out the six wastewater 
reclamation plants and 139 pumping stations and freeing about 1000ha of prime land for 
development (Figure 3.6) (Koo, 2004, Chiang et al., 2005). The DTSS helps to close the 
water loop as every drop of used water is collected for producing NEWater (Chiang et 
al., 2005).  
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Deep Tunnel 
Sewerage System
 
 
Figure 3.6: Wastewater sewage management-The DTSS  
Source: PUB 
 
Note: The S$3.65 billion (EUR$1.86 billion) DTSS project is developed in 2 phases over the 
next 20 years. Phase 1 was completed in 2008 and comprises a 48km-long deep tunnel, a 
centralised water reclamation plant, a network of link sewers and a deep-sea outfall. Phase 2 is 
in progress and completion is expected around 2020. DTSS is conceived as a cost-effective and 
sustainable solution to meet Singapore's long-term used water needs (converting sewage into 
clean water) for the next 100 years. The heart of DTSS, the Changi Water Reclamation Plant 
treats 800,000m
3
 (176 mgd) of used water a day to international standards.  
 
 
 
3.3.6 3P Partnership and stakeholders’ commitment 
Through the 3P (people-private-public sector) Partnership approach, the general 
public are encouraged to take ownership of water. The 3P Partnership approach includes 
the stakeholders‘ commitment and private-public-partnerships (PPP). The stakeholders 
are those with a stake in water allocation, water use, water management, land use, 
economic development, social welfare and environmental protection. The goal is to 
maximize available water resources without compromising the sustainability of a 
healthy ecosystem (Kabir, 2004). Publicity, education and inclusion of all stakeholders 
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(e.g. politicians, experts and the general public) in the decision-making process are the 
key elements of successful design and implementation of water or wastewater projects 
(Ashley et al., 2001). As much technical expertise exists there, Singapore‘s Water 
Agency involves the private sector to play a greater role in providing essential services 
through the PPP (section 3.3.7). The Active, Beautiful, Clean (ABC) Water programme 
is a major initiative involving the 3P Partnership, which has become an umbrella 
programme, to keep the waterways clean. The catchments, reservoirs and waterways are 
integrated with the 3P Partnership to be holistically managed (Figure 3.7). The 3P 
Partnership is critical in the river clean-up as these waterways will flow into the 
reservoirs. Singapore‘s drainage infrastructure is well developed as more than S$1.2 
billion has been spent by the MOE since 1984 to widen and deepen the drains and  
 
 
 
 
Figure 3.7: The 3P network in Singapore Active, Beautiful and Clean (ABC) Water programme  
Source: PUB 
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canals (Table 3.4) (MEWR, 2000). The S$226 million Barrage, part of a comprehensive 
flood control scheme, will reduce flood-prone areas further from 150ha to 85ha (Table 
3.1) (PUB, 2004). This will be a significant improvement as flood-prone areas were 
reduced from about 3200ha in the 1970s to only 238ha in 2000 (Table 3.1) (MOE, 
2000, MEWR, 2000). 
3.3.7 Private-public partnership 
PPP, launched in 2004, is the Singapore government‘s Best Sourcing framework 
for all government projects costing over S$50 million (Ellis, 2007, MOF, 2004a). 
Governments traditionally drew on government revenue to pay for public infrastructure 
and services. They now utilize partnerships between the public and private sector to 
bring more private money into the provision of public infrastructure and services 
(Blake, 2004). The pros for the government are that private firms are an important 
financial source, the risks are transferred to the private firms and the government uses 
the management and technical expertise of the private firms. The pros for the private 
firms are the huge potential profit returns. The London Underground‘s average profit 
margins were estimated to be 5% (average industry norm is 3-4%) (Finn et al., 2007). 
No statistics are available on profit margins for Singapore‘s NEWater and desalination 
PPP projects. The downside of PPP are whether for-profit organizations provide safe 
and efficient levels of water delivery service, whether government‘s public 
accountability is lost, and problems in the coordination of different sectors. The PPP 
must demonstrate good management of actual or perceived conflicts of interest. The 
public authority must always act with the utmost probity and with transparent internal 
and external working processes. The question to ask is whether PPP is actually 
delivering and not whether PPP was the right or wrong way to approach the project in 
the first place. 
The PPP challenges are long procurement timescales, high bid costs, inflexible 
long-term contracts, inadequate explanations of project requirements and optimal risk 
allocation. There are political risks, government performance risks, environment and 
safety risks, construction risks, technical operation risks, revenue risk in existing and 
newly built facilities, and financial risks (London Assembly, 2005, Audige, 2005). In 
addition to the risks listed in Singapore‘s PPP handbook, allocation of responsibilities 
for change in law/tax, site risks, technological changes and force majeure should also be 
considered (MOF, 2004b). Singapore‘s PPP succeeded because of transparency, fair 
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competition, reasonable profit for the investor, dependable regulatory environment and 
political commitment to PPP at all government levels, which is key to its success. There 
was careful planning in the early stages with the right professionals being involved at 
the right time. The Singapore government provided seed money, research funds and 
even test-bedding facilities for the private sector. To create a competitive environment, 
competition by tender bidding in Singapore is based on meritocracy in cost, quality and 
delivery. Opportunistic behaviour cannot be allowed if PPPs are to finance public 
services better than the public sector. PPP is not to be at the expense of public funding 
(Hall, 2007). Some of the best water agencies, like PUB, are in the public sector as only 
4% of the urban population is served by private water operators (Koh, 2008). 
Singapore‘s Water Agency acted as an intermediary, linking academia with the 
corporate world. It is the first in the world to use a 16-inch (i.e. 15.2cm equivalent) 
reverse osmosis membrane, pioneered by its home-grown water company for use in 
producing reclaimed water (PUB, 2007a). There is better asset utilization as Singapore 
Water Agency shares its facilities as test-bedding sites with a third-party innovator.  
England and Wales follows the full divestiture to the private sector (Jones, 
2000). In the US, the public sector still largely dominates where there is a part-public, 
part-private ownership structure, as in many OECD countries (OECD, 2003). 
Government still retains final responsibility for setting and enforcing performance 
standards, ensuring poor people have access to affordable water services (Rijsberman, 
2000). Public agencies remain responsible for the initial allocation of water, regulation 
and monitoring of water quality (Dinar, 1998). The Singapore government‘s role 
remains crucial in providing a strong regulating and enabling environment. Public 
support is essential for successful implementation of the wastewater reuse projects 
(Friedler and Lahav, 2006). Singapore‘s PPP success in the desalination and NEWater 
projects is due to political and public support.  
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Table 3.4: The 5 years‘ summaries of group‘s capital expenditure of PUB and its subsidiaries 
 
2003           2004       2005                     2006 2007 
12 months 
(Jan–Dec) 
12 months 
(Jan–Dec) 
12 months 
(Jan–Dec) 
15 months  
(Jan ‗06–Mar ‗07) 
12 months 
(Apr–Mar)  
S$ million S$ million S$ million S$ million S$ million 
PUB FUNDED     
Water 214.8 95.8           36.4 106.7 177.8 
NEWater 89.6 58.4  45.7 46.7 82.7 
Used Water 0 0 31.2 20 23.2 
Others 3.5 0.7 0.2 5.4 0.9 
      
GOVERNMENT FUNDED
#
    
Used Water   695 801.4 700.6 632 256 
Drainage                   120.5 81.8 76.9 141.5 114.2 
PUB              1,123.40 1,038.10 891 952.3 654.8 
PUBC                     2.7                 1.5 1.5 1.8 1.4 
Group
1
             1,126.10 1,039.60             892.5 954.1 
                                             
656.2 
      
#
Government funded capital expenditure are for projects belonging to the Government. 
     
                  
*2006 was a 15-month financial period from 1 January 2006 to 31 March 2007 
 
Notes: 
1
Group is a consolidated account of PUB and its wholly owned subsidiary, PUB 
Consultants Private Limited (―PUBC‖) previously known as Singapore Utilities International 
Pte Ltd (―SUI‖) 
 
Source: (PUB, 2008d) 
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3.4 Dual water supply system 
 
Rooftop RWH is a low-technology, cost-effective, reliable source of water 
supply and should seriously be considered as it is underused in Singapore. As more than 
80% of Singapore‘s population lives in high-rise public housing, rooftops areas are 
potential catchment for rainwater collection. To promote rooftop RWH, mandatory 
provision in Singapore‘s Building Code is necessary. In Taiwan, a new provision was 
recently added into the National Building Code where RWH for building is stipulated as 
necessary under specified conditions (Cheng, 2004). When acceptable, an ordinance is 
usually passed, requiring all building constructions to include RWH facilities. Tax 
rebate incentives, found in Texas, Hawaii, the Caribbean islands, Australia, Germany 
and other European countries, are offered if the owner adds an RWH system to an 
existing building. If RWH is to be implemented, a new water paradigm is necessary for 
Singapore to promote rooftop RWH as a decentralized, alternative additional freshwater 
source to complement and /or supplement the high technological centralized mains 
water supply system, such as NEWater and desalination, for non-potable use. Major 
barriers to change are the present law and regulations, and public health concern about a 
possible dengue fever outbreak because of mosquitoes breeding in water containers.  
Hong Kong is one of the world‘s few coastal cities that have adopted a dual 
water supply system for non-potable use (i.e. a seawater system for toilet-flushing) 
(Tang et al., 2006). Hong Kong has recently looked at a feasibility study to extend 
seawater supply into districts where potable water is still used for toilet-flushing. 
Besides seawater, raw (untreated) freshwater and reclaimed water are also considered 
for toilet-flushing for these districts. In the Singapore scenario, case studies can be 
developed on the cost-effectiveness of promoting rooftop RWH for non-potable use. 
The results will determine the sustainability of using rooftop RWH as a decentralized, 
additional freshwater supply system together with NEWater and desalinated water, the 
sophisticated water technologies, for non-potable use. 
 
3.5 Conclusion 
Singapore‘s success in IUWM is evident in the decreased domestic water 
consumption per capita, reduction in UFW and decreased flood-prone areas. There is no 
one size fits all solution to IUWM. Singapore‘s experience indicates that IUWM can be 
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achieved with political will, good governance and a coherent water policy. Its integrated 
approach to urban water management has encompassed proper land use planning, 
judicial investments in infrastructure for water supply and used water, pollution control 
measures, and use of technology and public education, among others. Singapore‘s 
success is due to decades of sustained, methodical development of water policy, public 
support and institutional reform, all of which have played a crucial role. Singapore 
however can go one step further to achieve greater sustainability, if rooftop RWH, a 
relatively low cost, low-end water technology which does not consume much fossil 
fuels, is also implemented as an additional, decentralized freshwater source for non-
potable use.  
 
 
 
 
 
 
 
 
 
 
 
 48 
 
 
 
 
 
 
 
Chapter 4 Analysis of technology options
Chapter 4                                                                          Analysis of technology options 
 
49 
 
4.1 Introduction  
This chapter analyses the available stormwater harvesting technology options 
(i.e. the stormwater collection pond and roof RWH system), the role and potential of 
RWH in the Integrated Urban Water Management (IUWM). RWH and management is 
an important part of Environmental Sound Technologies (ESTs) for urban and domestic 
water use efficiency. EST has the potential for significantly improved environmental 
performance, when compared with other technologies, for sustainable management of 
the urban water cycle. It includes all parts of the urban water cycle, which can be 
differentiated in 4 main parts: i) water storage and augmentation, ii) water supply and 
distribution, iii) water use and saving, iv) and water reuse, recycling and safe disposal 
(Schuetze, 2009). The section water storage and augmentation includes RWH in form of 
storm runoff collection and storage in roof tanks, collection in the natural or urban 
catchment for the augmentation of groundwater and surface water bodies. In the section 
water supply and distribution, rainwater can be used either as a source for water supply 
in a single pipeline system or in a dual pipeline systems, either as potable (treated to 
drinking water standard) or as non-potable water. Rainwater is regarded as an important 
water resource and a lot of RWH and utilization projects have been carried out world-
wide more so in developing countries than developed countries, but in the recent years it 
is becoming extremely relevant as additional water source in the developed countries as 
well.  
This thesis deals with application of RWH in developed countries where 
Singapore, a highly technologically developed country, is selected as a case study.  In 
this case rooftop RWH technology is proposed as a feasible alternative water supply 
option, both for rural and urban conditions. The stormwater collection ponds, a 
subsystem of RWH, are part of Singapore centralised mains water supply system. There 
are 15 ponds, all in the northern and eastern part of Singapore, with catchment based 
storm runoff collected in them and pumped to the reservoirs in the Western, Central, 
and Eastern catchments depending on the siting of the ponds (Figure 4.1). Rooftop 
RWH is the additional freshwater source proposed as the decentralised alternative water 
supply to supplement and /or complement the mains water supply for non-potable use. 
The key issues in rooftop RWH such as planning, investment cost, funding, 
implementation and management shall be discussed in Chapter 7. The cross cutting 
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issues like institutional issues and development, stakeholder‘s participation shall also be 
under discussion in Chapter 7. This chapter is thus structured as follows:  
i. Site-specific data collection (section 4.2) details the scheduled site visits 
made in Singapore to gather data for comparative study (Table 4.1) ; 
ii. Data evaluation (section 4.3) studies the comparative efficiency of 
stormwater collection pond and rooftop RWH systems on yields (i.e. 
quantity collected) and their respective water quality.  
iii. The other subchapters - sections 4.4 - 4.7 
 
4.2 Site-specific data collection  
The data collection involved site visits for evaluation, literature reviews and data 
analysis. Site visits took place in the first to third year of the PhD study and visits were  
 
 
 
Table 4.1: Site-visits schedule (2006-2008)  
Particulars   Location       Period 
Dry detention ponds       (Sg. Mandai Kechil Pond                 July 24-Aug 12 ‗06 
(Sg. Mandai Pond 
(Sg. Pang Sua Pond                   
(Sg. Sembawang Kechil Pond  July 24–25 ‗06 
Water Q review             PUB @ Environment Bldg  Aug. 17 ‗06 
RWH pilot project              HDB Block at Yishun                    Feb. 23 ‗07 
Dry and wet ponds            (Bedok-Seletar Ponds                Aug. 19-20 ‗07 
(Tampines-Yan Kit Ponds         Aug. 15 ‗08 
 
 
made to Singapore stormwater collection ponds in 2006 at Sungei Mandai Kechil, 
Sungei Mandai (Figure 4.2) and Sungei Pang Sua to have a better understanding of 
these stormwater ponds. Visits were also made in 2007 and 2008 to the Bedok, 
Tampines and Yan-Kit ponds (Figures 4.3 and 4.4), and to the HDB Block in Yishun 
estate in 2007 where a pilot RWH harvesting project was conducted by HDB in 2006. 
The Yan-Kit pond next to Changi Airport is a barrage-controlled pond (Figure 4.5) 
while the other stormwater collection ponds are by drop inlets. The site visits schedule 
is shown in Table 4.1. Missing data needed during detailed assessment were  
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Figure 4.1: The 15 stormwater collection ponds and Sungei Seletar-Bedok Water Scheme  
Source:(Kwa and Joey, 2002) 
    Note: These ponds are an integral part of Singapore centralised mains water supply system
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Figure 4.2: Sungei Mandai stormwater pond under Kranji flyover  
Source: (Business Times, 1996) 
 
Note: At a cost of S$45.5 million, it was built at Seletar Expressway-Bukit Timah Expressway 
interchange at Kranji in an innovative effort to raise water supply in Singapore. It was 
completed in 1998 and features the largest concrete water detention (dry) pond ever built, and is 
designed to collect stormwater from the Sungei Mandai catchment basin via drainage channels. 
Collected water is then pumped to Upper Seletar Reservoir. 
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acquired through follow-up telephones, e-mail contacts and meetings with site 
management staffs. The water quality reports of the rainfall at PUB Bedok rain-station, 
the stormwater collection ponds visited at Sungei Seletar-Bedok Water Scheme 
(covering Bedok Pond 1, Bedok Pond 2, Bedok Pond 3, Bedok Pond 4, Tampines Pond 
B, Tampines Pond E and Yan Kit Pond) and Bedok Reservoir were given by the 
national Water Agency. The water quality value is later summarised, showing the 
maximum, minimum, and average value for different variables- indicators for the years 
2005, 2006 and 2007 and is discussed in section 4.5. The water quality of the rainfall for 
roofwater harvesting and stormwater ponds is also discussed in Section 4.5. 
 
4.3 Data evaluation  
With the goal of providing integrated water supply in the late 1970s, Singapore‘s 
national Water Agency conceived the first urban stormwater ponds at the Sungei 
Seletar- Bedok Water Scheme (totalled 8 altogether but only 7 in service at present), 
which represents one of the world‘s first ―urban water harvesting‖ projects that would 
support planned construction of large developments in eastern Singapore (CDM, 2008). 
These ponds are primarily for harvesting urban storm runoff from about 5,000ha to be 
captured both indirectly—where it is intercepted at a series of diversion points, stored in 
small urban ponds, then pumped to a reservoir—and directly, in which the runoff drains 
directly into the reservoir. The yield of the stormwater ponds for the years 2003 to 2006 
is discussed in section 4.4 and the efficiency of the stormwater ponds shown in Table 
4.6. Tables 4.8 and Appendix 2 show the water quality of the rainfall, stormwater ponds 
and reservoirs at the Sungei Seletar-Bedok Water Scheme. The quality of roof rainwater 
is shown in Table 4.10 and this is HDB pilot project in Yishun. 
4.3.1 Stormwater collection ponds 
There are two types of ponds: i) dry detention pond, and ii) wet retention pond. 
The use of ponds as Best Management Practices (BMPs) with stormwater systems in 
urban areas has become more widespread (EPA, 1999). A wet retention pond consists of 
a permanent pool of water into which storm runoff is directed. It is designed to hold a 
specific amount of stormwater indefinitely. Unlike the wet retention pond, a dry 
detention pond is designed to temporarily hold a set amount of stormwater. By
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Figure 4.3: Bedok stormwater collection ponds within Lower Seletar-Bedok Reservoirs Scheme  
Source: (PUB, 2002a)
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Figure 4.4: Close-up of Bedok Ponds # 1-4, Tampines Ponds B & E, and Yan Kit Pond  
Source: (PUB, 2007b) 
 
Note: The Bedok, Tampines and Yan-Kit stormwater ponds are an integral part of Singapore 
centralised mains water supply system. They store temporarily storm runoff for sedimentation 
before the stormwater is pumped to Bedok reservoir, then to Bedok Waterworks for treatment as 
drinking water. The proposed roofwater harvesting will complement the mains water supply as 
additional freshwater source for non-potable use. 
 
 
 
 
 
 
 
 
 
 
Chapter 4                                                                         Analysis of technology options 
 
56 
 
   
 
 
 
Figure 4.5: Barrage-controlled Yan-Kit Pond  
Source: Site visit in August 2008 
 
Note: At high tide, the barrage gate is lifted so that seawater does not flow into the pond. When 
there is peak storm runoff, to prevent flooding upstream, barrage gate is open so that excess 
storm runoff is discharged to the sea. 
Chapter 4                                                                         Analysis of technology options 
 
57 
 
capturing and retaining storm runoffs, wet retention pond controls both stormwater 
quantity and quality. The pond‘s natural physical, biological, and chemical processes 
work to remove pollutants. Sedimentation processes remove particulates, organic 
matter, and metals, while dissolved metals and nutrients are removed through biological 
uptake. In general, a higher level of nutrient removal and better stormwater quantity 
control can be achieved in wet retention ponds than can be achieved with dry detention 
ponds. Wet ponds are thus more effective and have greater performance in terms of 
stormwater quantity and quality than dry ponds (EPA, 1999). Maintaining the wet pond  
 
 
 
    
 
Figure 4.6: Ramp access to dry detention pond for debris removal and vector control   
Source: Site-visit Sungei Sembawang Kechil Pond in 2006. 
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is important. Sediments in the bottom of the wet pond should be removed about every 2 
to 5 years so as not to reduce the pond‘s storage capacity and cause a decline in its 
performance. The design of the wet retention pond is to meet both stormwater quality 
and quantity control requirements, i.e. to control post-development peak discharge rates 
to pre-development levels. The design depends on local conditions and requirements. 
Wet retention ponds function more effectively when they are regularly inspected and 
maintained, generally, after every storm event. Annual maintenance costs can be 
estimated at 3 to 5% of construction costs (EPA, 1999). Dry detention pond, unlike wet 
retention pond, is not a permanent pond and is designed to detain storm runoff for some 
minimum time (e.g., 24 hours) to allow particles and associated pollutants to settle 
before it is pumped elsewhere or allowed to infiltrate into ground aquifer. The dry 
detention pond provides moderate pollutant removal and is less effective at removing 
soluble pollutants because of the absence of a permanent pool. A maintenance ramp and 
perimeter access are usually designed to facilitate access to the basin for maintenance 
activities and for vector surveillance and control (CASQA, 2003) (Figure 4.6). 
Inspections should be conducted twice a year (or more) and after significant storm 
events to identify potential problems early. Most maintenance efforts focus on basic 
housekeeping practices such as debris removal and vegetation management to ensure 
the basin dewaters completely to prevent mosquito breeding. Singapore stormwater 
collection ponds are part of stormwater harvesting and were built primarily to collect 
additional freshwater from storm runoffs from the urbanised high-rise public housing 
HDB estates (Figure 4.7). They form an integral part of Singapore centralised mains 
water supply system. The stormwater ponds also help to mitigate flooding as they 
reduce the peak flows from the urbanised impervious land surface into the storm 
drainage system. The wet pond, unlike the dry pond, keeps a designated level of water 
like a reservoir for aesthetic purpose. The stormwater ponds were constructed in three 
different phases; they became progressively better as they were integrated with the 
surrounding land for greater functional use. In the first phase in the 1980s, the pond 
built in the Sungei Seletar-Bedok Water Scheme (Figures 4.3 and 4.4) was like an open 
concrete container (Figure 4.8(h)). In the second phase, in the 1990s, the pond was 
semi- covered, like the Sg. Mandai pond constructed under a flyover which freed up 
1.8ha for other developments. In the third period, the pond was integrated with the  
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Figure 4.7: Roofwater from HDB estates collected in stormwater collection ponds  
Source: (The Straits Times, 1995) 
 
 
the surrounding land, like the Sg Sembawang Kechil pond, which was built under a 
football field (Figures 4.8 (e), (f), (g)). 
The operation and maintenance of stormwater pond are discussed in this section 
to be compared with the rooftop RWH system, which can be simple, low maintenance 
and operated by a non- expert. The two methods of collecting storm runoff in the pond 
system are by: i) drop inlet (Figures 4.9, 4.10 and 4.11), and ii) controlled barrage gate 
(Figures 4.12 and 4.13). In both methods, only good quality storm runoff is abstracted. 
The low quality stormwater, called the first flush in a storm event, flows to the sea 
through the dry weather flow channel (Figure 4.10). In a research made at Singapore 
Nanyang Technological University, about 50% of the rainfall in Singapore is converted 
into surface storm runoff. From this surface storm runoff, about 40-60% is captured by
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(a) Drain runs to urban ponds.           (b) Pang Sua wet retention pond.                 (c) & (d) Water flows by gravity diversion to the wet retention pond.       
    
 (e), (f), (g) Dry detention pond (3
rd
 period), at Sungei. Sembawang Kechil, integrated with football field above. (h) Dry detention pond at Tampines 
Figure 4.8: Site visit (August 2007) to Singapore wet retention and dry detention pond
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the pond. An estimated 40% (or more) of the storm runoff that is not collected flows to 
the sea. The surface storm runoff includes the dry-weather flow, wet weather flow that 
goes into the ponds and runoff overflow to the sea. For simplification, the efficiency of 
the stormwater pond is 40-60% of the storm runoff (Shuy, 2006). This is because 
stormwater collection ponds and reservoirs are not constructed to maximise rainfall 
collection. Storm runoff not pumped to the reservoir because of insufficient capacity is 
lost to the sea. In a roof RWH there is a higher efficiency in collection because 
collection is near or at source. The distance travelled is less as rainwater is captured as it 
falls on the roof. The storm runoff which otherwise is lost to the sea is now collected as 
free, additional freshwater.  
During a storm event, when the capacity of the dry weather flow channel (Figure 
4.10) is exceeded, the storm runoff would overflow through the grating section into a 
sump, and cascade down the steps through the sluice gate into the pond. When the pond  
reaches a designated level, varying according to the pond‘s capacity, the main pump is 
activated and the water is pumped to the reservoir (Figure 4.14). When the water level 
drops to a designated level, the drainage pump (or sump pump) is activated and the 
remaining water is discharged to the sea. In a wet retention pond, there is no drainage 
pump. The main pump is deactivated when the water drops to a certain level and the 
pond remains a landscape pond at that level. The retention ponds and diversion channels 
are regularly desilted, and the drop inlets regularly inspected to prevent debris blockage. 
The sluice gate enables the pond to be isolated for maintenance work to be performed. 
This structure prevents the dry weather flow and first flush of the storm from entering 
the drop inlet. The grating section acts as filter and prevents the solid debris from 
entering the pond. The first flush, as well as 0.6-1.0m of water accumulated in the pond, 
is normally discharged to the sea. Silt and suspended solids are allowed sufficient time 
for sedimentation.  
 
 
 
 
 
 
 
Chapter 4                                                                         Analysis of technology options 
 
62 
 
 
Figure 4.9: Urban stormwater collection - Drop inlet 
Source: PUB 
 
Figure 4.10: Urban stormwater collection - Dry weather flow channel  
Source: PUB 
 
Note:  
1. The dry weather flow channel runs past the grating section and discharges to the sea. This 
structure prevents low quality dry weather flow and first flush of a storm event, which usually 
contains accumulated pollutants from entering the drop inlet.  
2. The first flush or water accumulated in a small storm event is discarded. 
Dry Weather Flow 
Channel 
Drop Inlet 
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Figure 4.11: Urban stormwater collection - Plan of drop inlet (method 1)  
Source: PUB 
 
Note: In a storm event when the dry weather flow channel capacity is exceeded, the rising water 
level will cause the runoff to spill through the grating section into the inlet through a sloping 
diversion channel to the detention pond.  At the entrance to the pond, a sluice gate is provided to 
enable the pond to be isolated for maintenance works to be carried out. The sluice gate at the 
entrance to the detention pond is normally in open position to allow stormwater diversion into 
the pond. Two pumps are installed. The water level in the pond is sensed. When a pre-set level 
is reached, one of the pumps will automatically start to convey the stormwater to the reservoir. 
If the level continues to rise to another pre-set level, the second pump will start. At the end of 
the storm event, pond water level will recede and the two pumps will stop at their respective 
cut-off levels. The sump pump will start automatically, after the main pumps have stopped, to 
dewater the pond. This pump will also operate through time circuitry to cater for relatively 
small storm events when insufficient water is collected to start the main pumps. Water 
discharged from the sump pump downstream of the drop inlet structure eventually flows to the 
sea (Lee and Nazarudeen, 1996) 
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Figure 4.12: Urban stormwater collection - Controlled barrage gate (method 2) 
Source: PUB 
Note: A barrage is installed in the main drainage channel just downstream of the diversion 
point. Depending on water level in the drain, the water-sensing device controls the 
opening/closing of the barrage gate to prevent flooding upstream. When the barrage gate is 
closed, water behind the gate will be raised and will flow into the detention pond through a 
diversion channel (Lee and Nazarudeen, 1996). 
Barrage Gate 
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Figure 4.13: Urban stormwater collection - Plan of controlled barrage gate 
Source: PUB 
 
Note: In the Yan Kit pond, next to Changi airport near the sea, the barrage gate is fully raised 
during high tide to prevent sea water from flowing into the pond. In a storm event, when there is 
heavy rainfall and peak overflow, the barrage gate is open and fully lowered where all overflow 
to the sea when the pond is full. 
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Figure 4.14:  Schematic of stormwater storage (pond) and pumping facility  
Source: (Camp Dresser & Mckee, 1981) 
 
Note: The storm runoff flows through the sluice gate into the pond for sedimentation and 
storage temporarily. It is later pumped to the reservoir and to the waterworks for treatment as 
drinking water. 
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The expert CDM‘s feasibility study and recommendation were used in 
constructing Singapore‘s first urban stormwater collection ponds where the storm runoff 
is harnessed as additional freshwater source for the mains water supply system (Camp 
Dresser & Mckee, 1981) (CDM). The Bedok stormwater ponds, part of the Sungei 
Seletar-Bedok Water Scheme (Figures 4.3 and 4.4), are selected as case studies for 
evaluating the efficiency of ponds‘ collection of storm runoff. The ponds, constructed in 
January 1983, were completed in 1986 at a cost of S$277 million (PUB, 2002a). The 
main features of the Sungei Seletar-Bedok Water Scheme Scheme are: 
1. Sungei Seletar Reservoir 
2. Bedok Reservoir 
3. Stormwater collection ponds 
4. Bedok Waterworks 
Other than what was published in CDM 1981 Feasibility Report recommending 
construction of the urban stormwater collection ponds, the yields data of the ponds (i.e. 
storm runoff collected by the pond) were unavailable as they are sensitive data not 
released to the public. For this study, the efficiency of stormwater ponds is based on the 
quantity of water pumped from each pond (in the Bedok-Tampines-Yan Kit Ponds) to 
the Bedok Reservoir (Table 4.6), from 2003 to 2006 as discussed later. The efficiency 
of the stormwater pond collection is then compared with efficiency of roofwater 
collection. 
4.3.2 Roof rainwater harvesting (RWH) 
RWH has a long history and has been used by almost all societies in the world at 
some time. Although practised in antiquity, it was largely ignored in favour of more 
centralised ‗engineering‘ approaches. But RWH is now once again back on the agenda 
for both domestic and productive water supplies (Smet and Moriarty, 2001). Because 
many public water supply systems are unable to expand fast enough to meet increasing 
water demand, RWH stands out as a practical solution (i.e. additional resource). The 
main objective of RWH is to provide rainwater as an alternative or supplementary source of 
water to augment or to recharge groundwater or surface water (Schuetze, 2009). Users 
could develop their own RWH system to become self-sufficient in water, or at least to 
alleviate water shortage impacts (Fok, 1995). Roof RWH is a sub-set of stormwater 
harvesting. Roofs are of limited area, but relative to the ground surface they yield 
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limited quantities of fairly clean water in a location very convenient to building 
occupiers (Thomas, 2003). Roofwater harvesting has resurfaced in recent decades as a 
‗new‘ technical option for water supply. Its strengths depend upon local factors such as 
settlement structure, geology, community wealth, house design, seasonality and 
reliability of rains, government policy and water laws, and perceptions of the potential 
users (Thomas, 2003). Because rooftops and/ or neighbouring areas can be utilised to catch 
rainwater, the only need is for a storage tank, which can be constructed and financed by the users 
themselves without significant limitations by natural conditions. They can be integrated 
in buildings or underground, near the catchment area. A typical roof water harvesting 
system comprises:  
i  the catchment area (roof) 
ii  the delivery system (gutters and filters) and 
iii. the storage tank.  
One of the main issues in these systems is the size (volume) and position (on the 
roof or on the ground level) of the storage tank. What is the optimum size of the storage 
tank will depend on the catchment area, rainfall reliability over the year, water demand, 
and the desired coverage rate of the water demand (Liaw and Tsai, 2004). Numerous 
methods are available for determining the storage size required for a given demand, and 
these vary in complexity and sophistication. Many researchers use simulation (Liaw et 
al., 1997; Fewkes, 1999) model to investigate the performance of rainwater systems. In 
a simulation analysis, the changes in storage capacity are determined using a mass 
balance equation (Fewkes, 1999). The procedure takes into account serial correlation 
and seasonality and applies to any time interval. For most roof RWH systems, the 
amount of rainwater supplied depends on the quantity of rainfall, the roof area, and the 
calculated yield. The two common water release rules considered are namely YAS 
(yield after spillage) and YBS (yield before spillage). Research showed that the YBS 
release rule is more effective than YAS under various conditions (Liaw and Tsai, 2004). 
The RWH system performance is measured by reliability, that is: i) total actual 
rainwater supply over demand (volumetric reliability), or ii) the fraction of time that the 
demand is fully met. The major parameters that influence roof RWH system therefore 
include:  
i. release rule and reliability  
ii. interval used in simulation 
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iii. record length of rainfall data, and  
iv. runoff coefficient (i.e. the percentage of precipitation that appears as runoff). 
 However, among these factors that influence RWH potential of a site, rainfall data and 
the catchment characteristics are considered to be the most important (Sacheva and 
Sharma, 2008). The RWH system should be carefully designed to make rainwater 
available at the lowest cost. There are a number of tried and tested approaches and 
methodologies for RWH systems. Costs though vary from place to place are known and 
predictable. Technologies are generally simple and rely on widely available local 
materials and skills. While initial capital costs can be higher than some other 
approaches, maintenance costs are lower and households with no specialised skills can 
carry out maintenance activities.  
In the Singapore case study, the objective was  to determine the feasibility of 
RWH as an additional freshwater source in 21
st
 century water management, whether 
RWH can be integrated with the mains water supply and other renewable resources 
collection systems in designing a new sustainable structure. Comprehensive studies of 
the parameters that influence roof RWH system design are few (Liaw and Tsai, 2004). 
Most studies concentrate on methods of determining storage capacity and operating 
policy (Dixon et al., 1999). However, determining the most cost effective dimensions of 
the roof and the tank is complicated by variations in rainfall and economic conditions 
(Liaw and Tsai, 2004). For this study daily rainfall (not monthly) data at hourly interval is the 
time interval used in simulation. The period covered is 1
st
 July 1998 to 30
th
 June 2006 for 
simulation in determining the tank size. The main objective of the case study includes: 
i. Establishing a relationship between the tank volume, roof area and quantity of 
rainwater that can be utilised 
ii. Establishing rainwater quality, and whether there are any public health concerns 
iii. Determining the cost savings associated with substituting metered mains water 
with rainwater, and 
iv. Determining the capital, operating and maintenance cost of the RWH 
components in a new development (not retrofit of existing buildings). 
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Table 4.2: Population housed in HDB 23 Towns and 3 Estates managed by the 16 Town 
Councils 
 
Estimated Resident Population*  
2006 2007 
  
by Town as at 31st March  The 16 Town Councils 
     
Ang Mo Kio 
         
148,700 148,700  Aljunied Town Council               
Bedok  192,200 195,200  Ang Mo Kio-Yio Chu Kang Town Council     
Bishan  67,400 67,400  Bishan-Toa Payoy Town Council 
Bukit Batok  113,500 113,500  East Coast Town Council       
Bukit Merah  137,500 141,000  Holland-Bukit Panjang Town Council  
Bukit Panjang  109,600 109,200  Hong Kah Town Council               
Choa Chu Kang  149,400 150,700  Hougang Town Council                
Clement 74,300 72,800  Jalan Besar Town Council            
Geylang  98,300 95,800  Jurong Town Council                 
Hougang 172,400 172,000  Marine Parade Town Council          
Jurong East  80,000 80,200  Pasir Ris-Punggol Town Council            
Jurong West  229,200 233,300  Potong Pasir Town Council           
Kallang/Whampoa  101,900 99,800  Sembawang Town Council        
Pasir Ris 108,500 107,700  Tampines Town Council         
Punggol  51,700 52,700  Tanjong Pagar Town Council          
Queenstown  80,400 81,700  West Coast Town Council       
Sembawang  63,100 62,400   
Sengkang 138,500 140,000   
Serangoon  74,500 74,800   
Tampines  228,100 230,600   
Toa Payoh 74,500 103,100   
Woodlands  217,100 219,300   
Yishun  163,200 167,200   
Other Estates:     
Central Area  29,000 30,500   
Bukit Timah 8,400 8,400   
Marine Parade  22,100 22,600   
 
 
 
*Refers to Singaporeans and Permanent Residents only 
 
 
 
 
 
Source: (HDB, 2006, HDB, 2007a) 
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Figure 4.15: Population in Singapore and in HDB Flats as at 31
st
 March 2006 
Source: (HDB, 2006) 
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Figure 4.16: Population in Singapore and in HDB Flats as at 31
st
 March 2007 
Source: (HDB, 2007b)
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             Figure 4.17: The HDB Towns with over 80% of Singapore population 
Source: (HDB, 2006) 
Note: Block 171 Woodland Street 11 (Woodlands Town), north of Singapore managed by the Sembawang Town Council is the selected case study for 
rooftop RWH. The HDB pilot project at Block 109 in Yishun, next to Sembawang Town, is also located in the north 
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Table 4.3: Random selection of Block 171Woodlands Street 11 in Woodlands Town  
 
Source: Sembawang Town Council, 2007 
 
Note: The HDB Block varies in room types- 1-Room, 2-Room, 3-Room, 4-Room, 5-Room, Executive Apartment (EA), Executive Maisonette (EM) Executive 
House (EH), etc. Earlier blocks are slab blocks with long common corridors. Height of slab blocks varies in each town-some are 4, 6, 8, 10 12, 16-story (Foo, 
2007).  Later blocks are point blocks commonly 25-story (or more) high. The roof areas, location of garbage bin chutes, and other detailed particulars were 
obtained from architectural drawings individually at HDB Headquarter. Woodlands Town is managed by the Sembawang Town Council. 
Ward Block Street Name Storey 
 
Date 
Completed Month Year Room  Type          Type of block 
       R1 R2 R3 R4 R5 EA EM SH E/H OTH Total 
Roof 
Area(m2) Slab Point 
ML 147 Woodlands  St  13 4 31/08/1984 8 1984 0 0 0 32 0 0 0 0 0 0 32 720 y  
ML 140 Marsiling  Road 4 31/07/1984 7 1984 0 0 0 16 0 0 0 0 0 0 16 360 y  
ML 320 Woodlands  St  32 4 18/04/1985 4 1985 0 0 0 0 0 8 24 0 0 0 32 725 y  
ML 129 Marsiling  Rise 10 31/12/1983 12 1983 0 0 74 0 26 0 0 0 0 0 100 650 y  
ML 168 Woodlands  St  11 10 30/11/1984 11 1984 0 0 0 56 74 0 0 0 0 0 130 810 y  
ML 171 Woodlands  St 11 10 31/08/1984 8 1984 0 0 0 112 0 7 0 0 0 0 119 1,200 y  
ML 341 Woodlands  Ave  1 12 31/10/1984 10 1984 0 0 6 4 10 40 0 0 0 0 60 725 y  
ML 370 Woodlands  Ave  1 12 24/06/1995 6 1995 0 0 0 22 66 0 0 0 0 0 88 930 y  
ML 401 Woodlands  St  41 12 08/03/1994 3 1994 0 0 0 48 16 0 0 0 0 1 65 725 y  
ML 428 Woodlands  St  41 12 30/09/1985 9 1985 0 0 0 114 0 0 0 0 0 0 114 900 y  
ML 22 Marsiling  Drive 13 27/08/1976 8 1976 0 0 168 24 0 0 0 0 0 0 192 900 y  
ML 35 Marsiling  Drive 25 30/12/1976 12 1976 0 0 0 0 96 0 0 0 0 1 97 550  y 
CB 475 Sembawang  Drive 11/13/15 29/12/1998 12 1998 0 0 0 38 59 0 0 0 0 0 97 1668 y  
CB 356B Admiralty  Drive 13/14/16 14/05/1999 5 1999 0 0 0 32 55 26 0 0 0 0 113 1327 y  
CP 308 Canberra  Road 16 14/08/1997 08 1997 0 0 0 30 29 45 0 0 0 0 104 1098 y  
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More than 80% of Singapore‘s population lives in high-rise public housing, the 
HDB Towns (Figures 4.15 and 4.16). Thus, a HDB block is randomly selected from a 
HDB Town with a population of over 100,000 people (i.e. in 14 Towns) (Table 4.2) in 
2006 for case study on RWH system. The rainwater tank is site-specific, and can be 
installed either at elevated, ground or underground level. If installed at ground or 
underground level, the energy cost of pumping water up the building has to be 
computed and added to the operational cost. Block 171 Woodlands Street 11 in 
Sembawang Town is selected as a representative slab block for rooftop RWH study 
(Table 4.3), in finding the cost of pumping water up the building if the tank is installed 
on ground or underground level. The HDB Towns are managed by the 16 Town 
Councils (Table 4.2). The cost of pumping (i.e. energy consumption cost) is studied in 
greater detail under the sustainability analysis in Chapter 6. If installed at elevated level 
on the roof, water flows down by gravity to the households on the lower floors. Only 
the top floors would have to be served by booster pump. A separate study on the 
structural loading of the building would need to be made to determine what is the effect 
and additional cost of the building structure for installation of the rainwater tank at 
rooftop. Maximum capacity of the tank for rainwater collection for non-potable use is 
assumed with minimum top-up from mains water as backup supply. There would be 
two valves adjusted at appropriate levels in the rainwater tank. The water sensor in the 
rainwater tank is activated when the rainwater supply is depleted and the valve 
controlling input from the mains water storage tank operates to permit mains water 
supply to meet demand. Provision would be made also for overflow, in the event the 
rainwater tank is full. The roof runoff (i.e. precipitation converted into runoff) that is 
collected for storage is known as C (the coefficient), that representing a ration of runoff 
to rainfall, and defined as: 
 
             
rainfall Total
runoff roof Total
C                      
                        
The runoff coefficient for roof RWH is averaged round 85% (i.e. 5% loss each in first 
flush, roof absorption and filter backwash, for simplicity) from research made (Table 
4.4). This would be the roof runoff coefficient used in this study. This figure is greater 
than the storm runoff coefficient of 50% for storm runoff in the stormwater collection 
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ponds from study made at the Singapore Nanyang Technological University (Shuy, 
2006). 
 
 
 
Table 4.4: Runoff coefficients for various catchment surfaces  
 
Type of  
catchment 
Roof catchments Ground surface coverings  Untreated ground catchments     
Materials Tiles Corrugated 
metal sheets 
Concrete Brick 
pavement 
Soil on slopes 
less than 10 % 
Rocky natural 
Coefficients 0.8 - 0.9 0.7 - 0.9 0.6 - 0.8 0.5- 0.6 0 - 0.3 0.2  - 0.5 
 
Source: (Sacheva and Sharma, 2008) 
 
 
 
4.4 Quantity (yield) of stormwater harvested 
4.4.1 Stormwater collection ponds 
A schematic of a typical storage and pumping facility of a stormwater collection 
pond is illustrated in Figure 4.14. The stormwater flowing along the main drainage 
channel is diverted into the storage unit and pumped to the reservoir. The Bedok 
catchment, where the stormwater collection ponds are situated, is made up of: i) Bedok 
New Town Sub-catchment, and ii) Tampines New Town & Yan Kit New Town Sub-
catchments (Table 4.5 and Figure 4.4). Singapore‘s rainfall is characterised by relatively 
high-intensity, short-duration storm events. The coefficient of the stormwater ponds (i.e. 
precipitation converted into storm runoff) is defined as: 
 
rainfall Total
runoff storm Total
C   
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The total volume of runoff (i.e. total runoff) is expressed is Vr. The efficiency of 
the stormwater ponds is measured by the yields (i.e. quantity of storm runoff captured) 
and subsequently pumped to the higher elevation Bedok reservoir over total runoff. The 
yield of the ponds is not available. Only data on the volume of raw water pumped to the 
reservoir (Vpumped) are available. So the modified data is used to measure the 
efficiency of the stormwater pond, expressed as:   
 
Vr
Vpumped
pond of Efficiency   
                                     
 
 
In CDM‘s stormwater runoff analysis (Camp Dresser & Mckee, 1981) 
approximately 60% of the precipitation becomes runoff, and the seasonal and monthly 
runoff (as a percentage of rainfall) does not vary substantially from the annual average. 
The percentage of rainfall that becomes runoff arrived at by Singapore‘s Nanyang 
Technology University is lower - an estimated 50% of the rainfall became runoff (Shuy, 
2006). The lower conservative figure is used here. Therefore the total runoff (of 
stormwater pond) is expressed as: 
 
Vr = 0.5 (Rainfall x Catchment Area)  
 
The 7 ponds are all dry (detention) ponds and water is all pumped to Bedok 
Reservoir after the sedimentation period. This total runoff volume would include: i) 
evaporation (Vevap), ii) infiltration into the ground (Vinfilt), iii) direct runoff, in storm 
event, that flows into the pond (Vin), iv) direct runoff that overflows to the sea (Vo) 
(because of insufficient capacity of the pond). The first flush of a storm event, which 
usually contains accumulated pollutants, is discarded from entering the pond. Total 
runoff volume (Vr) to the pond is thus expressed as: 
 
   Vr = Vevap + Vinfilt + Vin + Vo 
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The ‗loss‘ is that portion of total runoff (Vr) not collected (excluding dry 
weather flow). This would include: i) evaporation, ii) infiltration, and iii) runoff that 
overflow to the sea (Vo). ―Loss‖ is thus expressed as: 
 
Loss = Vevap + Vinfilt + Vo   or 
          = Vr - Vpumped 
Vpumped = Volume pumped to the reservoir 
 
 
 
Table 4.5: Surface areas of the sub-catchments in the Bedok catchment  
Main catchment Bedok catchment 
Sub-catchment Bedok New Town Tampines New 
Town 
Yan-Kit New 
Town 
Area (ha) 577 809 265 
Ponds Bedok Ponds Tampines Ponds Yan-Kit Ponds 
 1 2 3 4 B E 1 
Area (ha) 64 146 45 98 163 81 265 
1 ha = 10,000m
2 
 
Source: (Camp Dresser & Mckee, 1981) 
 
 
 
Table 4.5.1 Size of Bedok Reservoir and stormwater ponds 
Stations Size (L x B x H)       m
3
 
Bedok 1 Pond 69m x 54m x 7.95m 29,621.70 
Bedok 2 Pond 131m x 58m x 6.65m 50,528.71 
Bedok 3 Pond 58m x 48m x 6.65m 18,513.60 
Bedok 4 Pond 75.5m x 65.5m x 6.65m 32,885.91 
Tampines B Pond 86.4m x 75.5m x 6.95m 45,336.24 
Tampines E Pond 86.8m x 83.6m x 6.7m 48,618.42 
Yan Kit Pond 152m x 124m x 4.6m 86,700.80 
Bedok Reservoir* 88,000,000m
2
 x 18.2m. 16,160,000.00 
Total  16,328,205.38 
 
 
Source: PUB and *(MWH, 2003) 
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The surface areas of the sub-catchments of ponds in Table 4.5 are used to 
compute the efficiency of the stormwater ponds (Table 4.6). The efficiency of the 
stormwater ponds is expressed as: 
Vr
Vpumped
pond of Efficiency   
 
The data on raw water pumped from the 7 ponds (Bedok Ponds 1, 2, 3, and 4, Tampines 
Ponds 1 and 2, and Yan-Kit Pond) are given by the Water Agency. Bedok Pond 5 
(226ha) is not in use. Similarly there were supposed to be 5 ponds (A to E) in Tampines 
New Town but only two ponds B and E are in operation. To find the efficiency of the 
ponds, the total volume of runoff for the sub-catchment of each pond has to be 
calculated. This is derived by multiplying the runoff coefficient 0.5 with sub-catchment 
area of each pond with the rainfall. Thus for Bedok Pond 1 (Table 4.6, column 5), total 
runoff is expressed as: 
Vr = 0.5* Area* Rainfall = 0.5*640,000m
2
 *2.885m = 923,200m
3
  
The yield of the ponds is not available. But as raw water pumped from each pond to 
Bedok Reservoir is available, this is used as the ―yield‖ of the pond. Thus in 2003 for 
Bedok Pond 1, the pond efficiency can be found by dividing volume pumped 
(Vpumped) over total runoff (Vr): 
 

Vr
Vpumped
1456.0
923,200
134,445
   
 
This is a low figure, as about 15% of total runoff is pumped to the reservoir. The 
balance not pumped is the loss (Vr-Vp) (Vp stands for Vpumped). 
From the efficiency of stormwater ponds computation (Table 4.6) one can 
conclude that much storm runoff (Vr) is lost through infiltration, evaporation and 
overflows to the sea. Table 4.6 shows that the volume pumped from each of the 7 ponds 
to Bedok Reservoir is less than 50% of total runoff, varying from 30% to as low as less 
than 10% in 2003 to 2006. One may deduct that during a heavy downpour, the capacity 
of the ponds and/ or the reservoir may be limited to receive all direct runoff and much 
runoff is lost as overflows to the sea. It is also possible that the pump capacity is limited 
and cannot pump as fast as possible to the reservoir. It is not practical to build the 
largest pond to collect maximum rainfall as it may not be cost-effective. This storm 
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runoff loss can be mitigated if roofwater is harvested at or near source of the high-rise 
HDB flats and stored in decentralized rainwater tank. With the recent implementation of 
integrated multi-reservoirs arrangement, the reservoirs operate conjunctively and an 
extensive network of pipelines has been developed where raw water is transferred 
between reservoirs. Hopefully, the storm runoff overflow could now be captured by a 
reservoir as the excess water can be pumped from one to another, in the integrated 
reservoirs network, that is not full. The greatest benefit in maximizing yield in the 
reservoirs is achieved by combining reservoirs with a small storage capacity in relation 
to their catchment runoff to reservoirs having a large capacity in relation to the runoff  
(MWH, 2003). The Reservoir Integration Scheme, at a cost of S$18 million, was 
completed in February 2007 and has since been implemented. 
 Table 4.5.1 shows the size of Bedok Reservoir and the stormwater ponds. It 
costs S$277 million to build the Sungei Seletar-Bedok Water Scheme. Bedok 
Reservoir‘s storage capacity is 12.84m3(MWH, 2003), and the average storage capacity 
of the 7 stormwater ponds based on that pumped to Bedok Reservoir is around 
1,763,999.75m
3
/year ((2,340,583 +1,622,556 + 1,702,102 +1,390,758)/4 years). Thus 
the cost per m
3 
based on water storage capacity would be S$18.92/m
3
 (S$277million 
/14,603,999.76m
3
). If it is based on size alone, it would be S$16.98/m
3
(S$277 
million/16,328, 205.38m
3
). 
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Table 4.6: Efficiency of stormwater collection ponds (2003-2006)  
Ponds Area Area 2003 RF Vr = 0.5*RF*A Vpumped Efficiency Vlost = Vr-Vp 
 (ha) m
2
 mm m
3
 m
3
 Vp/Vr m
3
 
BP1 64 640000 2885.2 923200 134,445 0.1456293 788,755 
BP2 146 1460000 2885.2 2106050 308,175 0.1463284 1797875 
BP3 45 450000 2885.2 649125 72,172 0.1111835 576953 
BP4 98 980000 2885.2 1413650 328,047 0.2320567 1085603 
TPB 163 1630000 2885.2 2351275 852,234 0.3624561 1499041 
TPE 81 810000 2885.2 1168425 355,655 0.3043884 812770 
YKP 265 2650000 2885.2 3822625 289,855 0.0758262 3532770 
Total 862 8620000 2885.2 12434350 2,340,583 0.1882353 10093767 
        
Ponds Area Area 2004 RF Vr = 0.5*RF*A Vpumped Efficiency Vlost = Vr-Vp 
 (ha) m
2
 mm m
3
 m
3
 Vp/Vr m
3
 
BP1 64 640000 3013.8 964416 113,443 0.1176287 850,973 
BP2 146 1460000 3013.8 2200074 377,583 0.1716229 1822491 
BP3 45 450000 3013.8 678105 124,259 0.1832445 553846 
BP4 98 980000 3013.8 1476762 252,460 0.1709551 1224302 
TPB 163 1630000 3013.8 2456247 519,435 0.2114751 1936812 
TPE 81 810000 3013.8 1220589 127,486 0.1044463 1093103 
YKP 265 2650000 3013.8 3993285 107,890 0.0270179 3885395 
Total 862 8620000 3013.8 12989478 1,622,556 0.1249131 11366922 
        
Ponds Area Area 2005 RF Vr = 0.5*RF*A Vpumped Efficiency Vlost = Vr-Vp 
 (ha) m
2
 mm m
3
 m
3
 Vp/Vr m
3
 
BP1 64 640000 2463.9 788448 80,888 0.1025914 707560 
BP2 146 1460000 2463.9 1798647 347,505 0.1932036 1451142 
BP3 45 450000 2463.9 554377.5 112,614 0.2031359 441763.5 
BP4 98 980000 2463.9 1207311 288,914 0.2393037 918397 
TPB 163 1630000 2463.9 2008078.5 571,650 0.2846751 1436428.5 
TPE 81 810000 2463.9 997879.5 250,391 0.2509231 747488.5 
YKP 265 2650000 2463.9 3264667.5 50,140 0.0153584 3214527.5 
Total 862 8620000 2463.9 10619409 1,702,102 0.1602822 8917307 
        
Ponds Area Area 2006 RF Vr = 0.5*RF*A Vpumped Efficiency Vlost = Vr-Vp 
 (ha) m
2
 mm m
3
 m
3
 Vp/Vr m
3
 
BP1 64 640000 3320.5 1062720 171,413 0.1612965 891307 
BP2 146 1460000 3320.5 2424330 168,264 0.0694064 2256066 
BP3 45 450000 3320.5 747225 69,465 0.092964 677760 
BP4 98 980000 3320.5 1627290 213,321 0.1310897 1413969 
TPB 163 1630000 3320.5 2706615 498,667 0.1842401 2207948 
TPE 81 810000 3320.5 1345005 248,822 0.1849971 1096183 
YKP 265 2650000 3320.5 4400325 20,806 0.0047283 4379519 
Total 862 8620000 3320.5 14313510 1,390,758 0.097164 12922752 
 
Source: Computation made from PUB data on raw water pumped from ponds to the reservoir.  
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4.4.2 Roof rainwater harvesting 
 
 The mass-balance creation scheme (Figure 4.18) is used in many examples of 
computer-based programmes for RWH. The programmes vary in complexity and scope 
to estimate the amount of storm runoff to be harvested. There is no one right 
programme as it depends on the objective to be attained. Jenkins (Jenkins et al., 1978) 
used the Yield After Storage algorithm and a monthly time interval to investigate the 
performance of rainwater storage in North America. In order to determine the size of a 
rooftop rainwater tank, input and output characteristics have to be analysed. The input is 
the rainfall characteristic, and the output is the consumption demand characteristic. It is 
based on a realistic estimate of the amount of rainwater to be harvested on a daily basis 
(instead of weekly or monthly time interval), based on an hourly interval rainfall. It 
reduces the likelihood of an oversized (or undersized) tank when it is based on daily 
input and output demand. 
 
 
 
 
 
 
 
Figure 4.18: Typical mass-balance creation scheme 
Source: (Roebuck and Ashley, 2006) 
 
 
 
In this case study, 16% of Singapore average daily consumption of 158 litres per 
person is used for toilet-flushing (Figure 4.19) (NEA, 2005). Laundry use is 19% and 
others are 4%. The non-potable use is not less than 39%. The conservative 25% of non-
potable use for toilet flushing, irrigation and floor-washing would be used for sizing the 
rainwater tank. The size of the rainwater tank to meet 24 hours‘ daily consumption 
(Figure 4.20) depends on: 
i.  the rainfall characteristics 
ii. 24 hours demand pattern  
iii. The number of consumers served 
Rainfall 
generation 
Production of runoff from 
catchment surface 
Temporary water 
storage structure 
Water 
use 
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iv. the roof catchment area 
The hydraulic model (Figure 4.21), with its components shown, is used.  
 
 
 
 
Figure 4.19: Water consumption pattern of average Singapore household  
Source: (NEA, 2005) 
 
  
  
 Singapore high-rise public housing estates (i.e. the HDB flats) are used as case 
studies. They represent the majority of Singapore‘s population living in high-rise 
buildings where rooftop RWH for new buildings (not retrofit of existing buildings) is 
proposed. Private high-rise residential and commercial buildings have RWH system as 
Singapore developers vie for the Green Marks Award annually. The old HDB building 
blocks are pulled down and rebuilt every 25-30 years. It is thus possible to wait for new 
developments to install RWH system (Tahir et al., 2009).  This is unlike London where 
there is slow replacement of existing housing stock. Many planning experts believe that 
around 80% of London buildings that exist today will still be present at the end of the 
century. Thus in London, it would make sense to retrofit RWH system in existing 
buildings than wait for the new developments if there is to be a large-scale RWH system 
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in place.  About 50% of Singapore land surface is already used as water catchment for 
the reservoirs, the HDB roof-surface can represent high percentage of the remaining 
50% of Singapore‘s land surface as catchment for RWH. There are 14 HDB towns with 
a population of over 100,000 in 2006 (Table 4.2) (HDB, 2006). From these,  
 
 
 
 
Figure 4.20: Water consumption demand over 24 hours   
Source: (HDR Engineering, 2001)   
 
 
 
the 4 Towns of Jurong West, Tampines, Bedok and Woodlands were considered 
prospects for case study. The HDB Block 171 Woodlands Street 11 in Woodlands 
Town, under Sembawang Town Council‘s management, was selected as it is a good 
representative of a HDB slab block of flat which is very common in Singapore (Table 
4.3). Also, the structural and architectural drawings of the building were easily 
available. Here, the roof area as catchment, together with rainfall data and water 
consumption pattern are used to determine the rainwater tank size. The potable water 
bill for washing the common areas was provided by Sembawang Town Council. The 
maximum daily rainfall data from 1998 to 2006 (from PUB Upper Seletar rain station) 
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is used to determine the largest sized tank possible for storage. It is not practical to size 
a rainwater tank based on the maximum size possible because larger tank costs more. 
Thus an optimum sized tank has to be determined from a sensitivity analysis to be 
performed. In determining the size of the storage tank, input and output characteristics 
have to be analysed. This is discussed later in section 4.7 of this Chapter. For this 
exercise, to collect the maximum rainfall, the input into the tank is the daily hourly 
rainfall and the output is the hourly water consumption. In sizing to get the maximum 
rainwater tank, rainfall data from PUB Upper Seletar rain station are used. This is the 
nearest rain station to the site under study (Figure 4.22).  
The daily maximum rainfall in each year, for a time series 1998 to 2006, is taken 
for sizing the tank, so that maximum rainfall maybe captured with no overflow. Table 
4.7 shows that the size of the rainwater tank, in this time series, ranges from 83.11m
3
 to 
229.07m
3
. To compute the size of the rainwater tank, the followings are required: 
i. the daily water consumption demand over 24 hours (Table 4.7.1 and 
Figure 4.20) 
ii. the daily hourly interval rainfall data  for 24 hours 
iii. the catchment area (i.e. the roof area)  
iv. the runoff coefficient 
 
To illustrate, year 1998 is selected and the rainfall data for that year are used. The day 
with the maximum rainfall for the year is 7th of August. Similarly in year 1999, the day 
with the maximum rainfall for that year is 5
th
 of May. The rainfall data of this date are 
used to multiply the roof catchment area to get total rainfall volume. However, not 
100% of the rainfall is harvested. Only a certain percentage of the rainfall is converted 
into runoff. The coefficient (i.e. percentage of rainfall converted into runoff) for roof 
catchment is 0.8-0.9 (Table 4.4). For this case study, 0.85 is chosen as the runoff 
coefficient (for simplicity, 5% loss each in roof absorption, first flush and filter 
backwash). The water volume in the tank includes the reserve (i.e. 5% based on daily 
water volume required).  
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Figure 4.21: Schematic representation of a RWH hydraulic model  
Source: (Roebuck and Ashley, 2006) 
 
Note: This is for the tank located at (or bellow) the ground level 
 
 
 
Key:   CA = catchment area (m
2
)                ST = storage tank (m
3
) 
RF = rainfall (mm/day)       V = volume in tank (m
3
/day) 
RL = runoff losses (m
3
/day)                   MT = mains top-up (m
3
/day) 
ER = effective runoff (m
3
/day)                  AI = additional inputs, if any (m
3
/day) 
FF = first-flush losses (m
3
/day)      O = overflow from storage tank (m
3
/day) 
F = primary rainwater filter                  DD = drain-down volume (m
3
/day) 
FL = filter losses (m
3
/day)                  WU = water usage (m
3
/day) 
FP = filter pass forward flow (m
3
/day)     WD = water disposal (m
3
/day) 
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Table 4.7: Summary of maximum rainwater tank size based on daily rainfall maxima (1998-
2006) 
  Year 1998 1999 2000 2001 2002 2003 2004 2005 2006 
 Tank size m
3
  83.11 98.51 90.48 106.81 130.39 163.40 211.13 185.82 229.07 
 
 
Source: Calculation based on the PUB rainfall data, roof area and hourly output demand 
Note: See Table 4.7.2 and Appendix 1 for details. Block 171, Woodlands Street 11 in 
Sembawang Town is the case used for sizing the rainwater tank, based on: i. roof area of 
1200m
2
, ii. total residents assumed of 714 persons, iii. 25% of 158 litres per person per day for 
non-potable use, iv. roof runoff coefficient of 85%, v. water reserve as backup is 5% based on 
daily water volume required. The water demand pattern over 24 hours is shown in Table 4.7.1.  
 
 
Table 4.7.1 Daily water demand pattern 
  24 Hours 
 
Peak/low demand 
 
1 person 
m
3
 
714 persons 
                m
3
 
00:00 0.35 0.000576 0.411 
01:00 0.2 0.000329 0.235 
02:00 0.2 0.000329 0.235 
03:00 0.2 0.000329 0.235 
04:00 0.3 0.004935 0.353 
05:00 0.4 0.000658 0.47 
06:00 0.6 0.000987 0.705 
07:00 1 0.001645 1.175 
08:00 1.1 0.001800 1.293 
09:00 1.2 0.002000 1.41 
10:00 1.35 0.002200 1.586 
11:00 1.3 0.002100 1.528 
12:00 1.3 0.002100 1.528 
13:00 1.25 0.002100 1.469 
14:00 1.2 0.002000 1.41 
15:00 1.15 0.001900 1.351 
16:00 1.25 0.002100 1.469 
17:00 1.35 0.002200 1.586 
18:00 1.5 0.002500 1.763 
19:00 1.65 0.002700 1.939 
20:00 1.75 0.002900 2.056 
21:00 1.7 0.002800 1.998 
22:00 1 0.001600 1.175 
23:00 0.5 0.000800 0.588 
 
Note: Based on 25% of (158 litres /person /day) of 714 residents in Block. 171 Woodlands Street 11. 
Rainwater tank must meet maximum daily peak demand of 2.06m
3 
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Illustration of Tables 4.7.1 and 4.7.2: Demand at 08:00 hour, the hourly water 
demand per person is: 0.25* 158 litres ÷ 24 hours = 0.0016m
3
. But demand at 08:00 is 
above the average of 1, at 1.1. So, the hourly water demand per person is 
0.001645*1.1= 0.0018m
3
 (Table 4.7.1). There are 714 occupants (or residents) in the 
block, so total water consumption (i.e. output (OP)) is 1.29m
3
 at 08:00 hour (Table 
4.7.2). The input into the tank is the hourly rainfall. At 08:00 hour, there is no rain. This 
results in a negative balance of -1.29m
3
 as there is no rainwater to be drawn. At 09:00 
hour, there is again no rain. Hourly water demand (OP) per person at this time is 
0.001645*1.2 (i.e.0.0020m
3
)(Table 4.7.1) or 1.41m
3
 for the block (Table 4.7.2). The 
cumulative OP is 1.293m
3
 + 1.41m
3
 at 09:00 hour, with negative rainwater balance at 
 –2.703m3.  
At 10:00 hour, there is rainfall of 4mm (i.e. 0.0044m). Roof runoff coefficient is 
assumed at 0.85. The volume of rainfall into the tank (Input (IP)) is roof coefficient* 
roof area* rainfall depth, which is 0.85*1200m
2
*0.0044m = 4.488m
3
. The cumulative 
IP at 10:00 hour is 4.488m
3
. Hourly water demand (OP) per person at 10:00 is 
0.001645*1.35 (i.e. 0.0022m
3
) (Table 4.7.1) or 1.586m
3
 for the block (Table 4.7.2). 
Accumulated OP is 1.586m
3
 + 2.703m
3
 = 4.289m
3
 at 10:00 hour. The balance in tank 
now is 4.488m
3
 (cumulative IP) less 4.289m
3
 (cumulative OP) resulting in 0.199m
3
 at 
10:00 hour. Continue with this process for 24 hours until 07:00 hour. From 24 hours 
rainfall on 7
th
 August 1998, it is found that the largest water volume in the tank is 
76.451m
3 
at 15:00 hour. This figure must be added to the largest negative water balance 
-2.703m
3
 at 09:00 hour to get the tank size required to collect the maximum volume of 
rainwater.  However, a reserve of 5% of the total water volume (i.e. 76.45 + 2.70) as 
back-up must be added to arrive at the final tank size required. 
The computation of tank size required for the years 1999 to 2006 appears in 
Appendix I, as supporting schedule to Table 4.7. From Table 4.7 and Appendix 1, it can 
be seen that having the largest tank size can be very expensive. The best way is to have 
an optimum sized tank, and this is discussed in sensitivity analysis in Chapter 6.  
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Table 4.7.2 Schedule supporting Table 4.7 
   Input             Output   
    Year 1998   Time  Rainfall (mm)     Roof area (m
2
)  Vol (m
3
) Coeff    IP    Cum IP   OP Cum OP Diff 
 
Plus 5% of rainwater as mains water backup 
Required tank size (1998): 1.05*(76.45 + 2.70) = 83.11m
3
                                  
 0 0    0.85 0 0  0 0 
19980807 08:00 0  1200 0 0.85 0 0 1.293 1.293 -1.293 
 09:00 0  1200 0 0.85 0 0 1.41 2.703 -2.703 
 10:00 4.4  1200 5.28 0.85 4.49 4.488 1.586 4.289 0.199 
 11:00 4.5  1200 5.4 0.85 4.59 9.078 1.528 5.817 3.261 
 12:00 2.6  1200 3.12 0.85 2.65 11.73 1.528 7.345 4.385 
 13:00 25.6  1200 30.72 0.85 26.1 37.84 1.469 8.814 29.028 
 14:00 47.8  1200 57.36 0.85 48.8 86.6 1.41 10.224 76.374 
 15:00 1.4  1200 1.68 0.85 1.43 88.03 1.351 11.575 76.451 
 16:00 0.8  1200 0.96 0.85 0.82 88.84 1.469 13.044 75.798 
 17:00 0  1200 0 0.85 0 88.84 1.586 14.63 74.212 
 18:00 0  1200 0 0.85 0 88.84 1.763 16.393 72.449 
 19:00 0  1200 0 0.85 0 88.84 1.939 18.332 70.51 
 20:00 0  1200 0 0.85 0 88.84 2.056 20.388 68.454 
 21:00 0  1200 0 0.85 0 88.84 1.998 22.386 66.456 
 22:00 0  1200 0 0.85 0 88.84 1.175 23.561 65.281 
 23:00 0  1200 0 0.85 0 88.84 0.588 24.149 64.693 
 00:00 0  1200 0 0.85 0 88.84 0.411 24.56 64.282 
 01:00 0  1200 0 0.85 0 88.84 0.235 24.795 64.047 
 02:00 0  1200 0 0.85 0 88.84 0.235 25.03 63.812 
 03:00 0  1200 0 0.85 0 88.84 0.235 25.265 63.577 
 04:00 0  1200 0 0.85 0 88.84 0.353 25.618 63.224 
 05:00 0  1200 0 0.85 0 88.84 0.47 26.088 62.754 
 06:00 0  1200 0 0.85 0 88.84 0.705 26.793 62.049 
 07:00 0  1200 0 0.85 0 88.84 1.175 27.968 60.874 
          Tank size (m
3
) 83.1075 
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4.5 Quality of stormwater harvested 
Because of past failures of voluntary guidelines, mandatory regulation is the 
preferred option in assuring water quality control. Public health and safety concerns, and 
reliable information dissemination are critical for public knowledge (McKay and 
Moeller, 2002). Biological contamination of water is of the highest concern as it can 
potentially cause a large number of illnesses and human deaths in a short period of time, 
if water is accidentally or deliberately used for potable purposes. The quality of the 
storm runoff is related to the rainfall, land use, and antecedent precipitation condition. It 
is generated by two mechanisms: buildup and washoff.  
4.5.1 Stormwater collection ponds 
Storm runoff is characterized by relatively high pollutant loadings, discharged 
from both developed and undeveloped land surfaces. The key constituents of storm 
runoff are suspended solids picked up from the land, biochemical oxygen demand and 
the plant nutrients nitrogen and phosphorus. Urban runoff contaminants are comprised 
primarily of particulate matter, soluble and suspended matter (e.g., oils, salt, etc.) (Camp 
Dresser & Mckee, 1981). The principal sources of pollutants accumulated in the urban 
areas are wet and dry atmospheric depositions, littering and traffic emissions. In the 
case of roof runoff one of the major sources of pollution are bird droppings. The urban 
rainfall is generally acid with pH values below 5. Rain contains nitrates, ammonia, 
sulphates/sulphites, phosphorus, lead, mercury etc. Dry atmospheric depositions include 
fine particles carried by the wind from some distances and particles from local sources 
such as traffic, construction, and industrial activities. Traffic generates dust as road 
surfaces are travelled by vehicles and contributes pollutants such as oil, grease, lead, 
zinc and copper. Singapore does not have a nutrient problem in stormwater capture in 
natural catchment ponds, as there is no agriculture in Singapore island. Polycyclic 
aromatic hydrocarbon (PAH) is not seen to be a problem as a good rain day of 25 to 
50mm per day is common, so that the catchment is cleaned regularly in the wet rainy 
season (Camp Dresser & Mckee, 1981).  
Because wet retention ponds retain water for an extended period of time, the 
ponds‘ natural physical, biological and chemical process work to remove or to reduce 
pollutants. Sedimentation is the primary pollutant removal mechanism in the wet 
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retention pond and removes particulates, while organic matter and metals are removed 
through biological uptake. Other pollutant removal mechanisms include algal uptake, 
wetland plant uptake, and bacterial decomposition (Schueler et al., 1992). Dissolved 
pollutant removal also occurs as a result of biological and chemical processes (NVPDC, 
1992). Generally, a higher level of nutrient removal and better stormwater quality 
control can be achieved in wet retention ponds than can be achieved in dry ponds. Wet 
retention ponds function more effectively when they are regularly inspected and 
maintained, such as mowing of the embankment, buffer areas and inspection for erosion, 
etc. Removal of trash and debris is carried out routinely to maintain an attractive 
appearance and prevent the outlet from becoming clogged. Studies have shown that 
more than 90% of the pollutant removal occurs during the quiescent period (the period 
between the rainfall events) (MD-DEQ, 1986), and some removal occurs during the 
dynamic period (when the runoff enters the pond). Results have indicated that two-thirds 
of the sediment, nutrients and trace metal loads are removed by sedimentation within 24 
hours.  
Water quality (Tables 4.8 and Appendix 2) with physical, chemical and 
bacteriological analyses made from 2005-2007 of Bedok stormwater ponds is compared 
with Bedok Reservoir and Bedok rainfall data. The chemicals and metals parameters, 
particularly ammonia, chloride, nitrate, sulphate, manganese showed it acceptable 
within the World Health Organization (WHO) Guideline (Table 4.9). Singapore has 
adopted the WHO water quality standard. Compared to the U.S. Environmental 
Protection Agency (EPA) Drinking Water Standard (Tables 4.9), the stormwater pond is 
coloured and more turbid than the Bedok rainfall and Bedok Reservoir. The pH of 
Bedok stormwater is within the US EPA guideline of 6.5 - 8.5, as it is more alkaline 
when compared to rainwater, which is more acidic with pH ranging from 4.8 - 7.1. As 
stormwater ponds are part of the centralised mains water supply system, water 
treatments are made to meet Drinking Water Standard, as water from them undergoes 
regular treatment. 
. 
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Table 4.8: Water quality of rainfall, ponds and reservoir at Bedok (2005) 
             Bedok Rainfall           Bedok Ponds             Bedok Reservoir 
Parameters Unit 2005 2005 2005 
    Min Min Min Min Min Max Range Ave Min Max Range Ave 
Physical Characteristics                           
pH value   6.3 7.1 6.3 - 7.1 6.6 7 7.5 7.0 - 7.5 7.3 7.4 8.2 7.4 - 8.2 7.9 
Temperature             oC         25 30 25 - 30 27 29 30 29 - 30 29 
Colour  Hazen <5 30 <5 - 30 8 50 300 50 - 300 125 5 15 5 - 15 10 
Turbidity NTU 0.2 5.8 0.2 - 5.8 1.5 22.0 112.0 22.0 - 112.0 54.2 1.4 3.2 1.4 - 3.2 2.3 
Conductivity uS/cm   10 60 10 - 60 26 36 86 36 - 86 64 168 191 168 - 191 181 
Dissolved Organic Carbon mg/L         2.3 4.9 2.3 - 4.9 3.0 4.5 8.4 4.5 - 8.4 6.6 
Suspended Solids mg/L              1 5 1 - 5 3 
Rainfall mm 5.5 77.4 5.5 - 77.4 25.9              
                         
Inorganic Indicator                           
Total Hardness (as CaCO3) mg/L              47 57 47 - 57 52 
Total Alkalinity (as CaCO3) mg/L <5 17 <5 - 17 7 10 124 10 - 124 36 34 40 34 - 40 36 
                         
Nutrients                           
Ortho phosphate (as P) mg/L - - - -              
Total Phosphate ( as P ) mg/L - - - -      0.19 0.21 0.19 - 0.21 0.20 
Total Phosphate ( as PO4 ) mg/L - - - -              
Total Nitrogen (as N) mg/L - - - -      0.43 0.46 0.43 - 0.46 0.45 
                         
Other Inorganic Chemicals                           
Aluminium (as Al) mg/L <0.02 0.13 <0.02 - 0.13 0.04      0.03 0.11 0.03 - 0.11 0.07 
Antimony (as Sb) mg/L              <0.001 <0.001 ND <0.001 
Ammonia (as N) mg/L 0.04 2.20 0.04 - 2.20 0.23 0.06 0.44 0.06 - 0.44 0.16 <0.02 0.22 <0.02 - 0.22 0.06 
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Arsenic (as As) mg/L <0.005 <0.005 ND <0.005      <0.005  <0.005  ND <0.005  
Barium (as Ba) mg/L <0.05 <0.05 ND <0.05      <0.05  <0.05  ND <0.05  
Boron (as B) mg/L <0.05 <0.05 ND <0.05      <0.05  <0.05  ND <0.05  
Cadmium (as Cd) mg/L <0.0005 0.0100 <0.0005 - 0.0107 0.0016      <0.0005  <0.0005  ND <0.0005  
Chloride (as Cl) mg/L <5 <5 ND <5 <5 23 <5 - 23 13 15 24 15 - 24 21 
Chromium (as Cr) mg/L <0.005 <0.005 ND <0.005      <0.005  <0.005  ND <0.005  
Copper (As Cu) mg/L              <0.005  <0.005  ND <0.005  
Iron (as Fe) mg/L <0.02 0.42 <0.02 - 0.42 0.08 0.18 0.87 0.18 - 0.87 0.39 <0.02 0.14 <0.02 - 0.14 0.04 
Lead (as Pb) mg/L <0.002 0.070 <0.002 - 0.070 0.020              
Manganese (as Mn) mg/L <0.002 0.050 <0.002 - 0.050 0.006 0.004 0.025 0.004 - 0.025 0.012 0.004 0.020 
0.004 - 
0.021 
0.009 
Molybdenum (as Mo) mg/L              <0.01  <0.01  ND <0.01  
Nickel (as Ni) mg/L              <0.01  <0.01  ND <0.01  
Nitrate (as N) mg/L <0.05 0.92 <0.05 - 0.92 0.26 0.21 0.68 0.21 - 0.68 0.36 0.09 0.13 0.09 -0.13 0.11 
Phosphate (as P) mg/L         0.08 0.46 0.08 - 0.46 0.20 <0.02 0.13 <0.02 - 0.13 0.08 
Selenium (as Se) mg/L              <0.01 <0.01 ND <0.01 
Sulphate (as SO4) mg/L <5 10 <5 - 10 7 <5 9 <5 - 9 7 13 22 13 - 22 16 
Zinc (as Zn) mg/L              <0.10 <0.10 ND <0.10 
                         
Organic Indicators                           
Total Organic Carbon (as C) mg/L 0.4 8.3 0.4 - 8.3 1.5 3.2 7.6 3.2 - 7.6 5.1 3.2 4.5 3.2 - 4.5 4.0 
Biochemical Oxygen Demand (as O2) mg/L              ND ND ND ND 
Chemical Oxygen Demand (as O2) mg/L              11 19 11 - 19 14 
                         
Microbiological                           
Total Coliform CFU/100mL              600 2900 600 - 2900 1617 
E. coli CFU/100mL              <1 <1 ND <1 
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Faecal coliforms CFU/100mL                 ND 4 ND - 4 2 
 
Source: PUB 
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 Table 4:9: Stormwater pond quality (2007) compared with WHO/US EPA guideline  
  2007  2007 
  Bedok Ponds  Bedok Reservoir 
Water Quality Parameter       Unit     Min              Max Ave 
US EPA/WHO 
Standards Min Max Ave 
Physical            
pH value   7.1 7.5 7.3 6.5-8.5/Not Specified 7.3 8.5 7.3 
Temperature             oC 27 30 28 Not Specified    
Colour  Hazen 25 150 109 15/15 5 10 34 
Turbidity   5.4 66 43.2 5.0/5.0 1.1 7.1 2.1 
Conductivity uS/cm   57 168 95 Not Specified 146 165 99 
Dissolved Organic Carbon mg/L 2.6 6.3 5.5 Not Specified 2.3 8 5.7 
Total Hardness (as CaCO3) mg/L Not Available   Not available 41 53 50 
Total Alkalinity (as CaCO3) mg/L 16 56 31 Not Specified 29 34 29 
Chemicals mg/L         
Ammonia (as N) mg/L 0.08 0.16 0.12 Not specified/1.5 <0.02 0.16 0.07 
Chloride (as Cl) mg/L <5 6 6 250/250 14 19 14 
Nitrate (as N) mg/L 0.21 1.09 0.6 Not Specified/50 <0.05 0.07 0.05 
Phosphate (as P) mg/L 0.02 0.06 0.04   <0.02 0.05 0.03 
Sulphate (as SO4) mg/L <5 11 7 250/250 11 15 12 
Metals           
Aluminium (as Al) mg/L Not available   0.05-0.2/0.2 0.05 0.16 0.11 
Barium (as Ba) mg/L Not available   2.0/0.7    
Boron (as B) mg/L Not available   Not specified/0.9    
Copper (As Cu) mg/L Not available   1.3/2.0    
Iron (as Fe) mg/L 0.28 0.99 0.5 0.3/0.3 <0.02 0.09 0.03 
Manganese (as Mn) mg/L 0.005 0.038 0.017 0.05/0.05 0.004 0.015 0.008 
Zinc (as Zn) mg/L Not available   5.0/3.0    
Microbiological            
Total Coliform                 CFU/100mL    Not available     Not specified/0 200 3900 1718 
       Source: Compiled from Appendix 2 (Year 2007) 
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Figure 4.22: Singapore 14 reservoirs with its catchments and PUB 23 rain stations  
Source: PUB 
Note: Rainfall data from PUB U pper Seletar rain-station is used for Block 171 Woodlands Street 11 case study. 
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 4.5.2 Roof rainwater harvesting 
Rainwater as it falls on the roofs is soft, clear and largely free of micro-
organisms and contaminating chemicals. During collection and storage however, there 
is a potential for chemical, physical and microbiological contamination. In most 
localities (exceptions are discussed below) chemical and physical quality is relatively 
easy to maintain but the risk of microbiological contamination is more difficult to 
control (Cunliffe, 1998). Roof RWH has less contaminant because there is less surface 
to travel. Water contamination may arise from the roofing material itself or from 
substances (e.g. dust, bird droppings) that have fallen onto a roof or into a gutter. 
Installation should include an effective means of keeping leaves, debris, animals 
(including birds and mosquitoes) out of both the inlets and the overflow (Department of 
Environment Heritage and Aboriginal Affairs, 1999). Inlets and overflows should be 
covered with closely fitting removable insect-proof screens, made of non-rust material, 
so that they are readily accessible for regular cleaning. Inspection and access points 
should have tight fitting lids to prevent mosquitoes‘ access. Roofs and guttering 
maintained in good and clean (free of debris) condition reduce contamination entering 
the storage tank. Roofs are made of various types of materials, such as metal sheets, 
ceramic tiles, concrete and ferro-cement (which are strong and long lasting and can be 
installed underground)(Mosley, 2005). Most are suitable as rainwater catchment 
surfaces. The most common are corrugated galvanized steel sheets which protect the 
steel from corroding by coating with zinc compounds. Metal sheet roofs are 
comparatively smooth and less likely to retain contamination (e.g. dust, leaves, birds‘ 
droppings) than rougher concrete tile roofs. Gutters are also made of various materials 
most commonly PVC plastic as they do not rust, so water quality will be maintained 
over a long time. The correct gutter installation is important so that there is no area 
where debris and water may gather for mosquitoes breeding. The use of a filter 
membrane ensures that no mosquito egg or larvae enter the storage tank to effectively 
improve the water quality. Highest percentage of debris and dirt on the roofs can be 
disposed of by a 'first flush' device (Figure 4.23) so that these contaminants do not enter 
the tank. Light should be excluded from the tank (has to be covered) to minimise algae 
growth (Department of Environment Heritage and Aboriginal Affairs, 1999).   
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Figure 4.23: Plan of a ―First Flush‖ device 
Source: (Mosley, 2005) 
 
 
 
The perception is that rainwater is safe to drink and this is probably true if it is clear, has 
little taste or smell and importantly that the source of the rainwater is a well maintained 
tank and roof catchment system (Cunliffe, 1998). 
Rainwater quality of a HDB pilot project at Block 109 in Yishun Town (Figures 
4.24 and 4.25) was carried from July to December 2006. The water quality was 
generally found acceptable for non-potable purposes (Table 4.10). Mosquitoes‘ 
breeding is a main concern in RWH. As such, HDB has incorporated a fine wire mesh 
that effectively prevents mosquitoes from finding their ways into the storage tank. As 
rainwater is for non-potable use, no tests were made on the chemicals, metals, 
microbiological and nutrients parameters. Micro-organisms in rainwater tanks are likely 
to come from one or a number of sources. Most may be harmless but the 
microbiological safety of rainwater depends on the exclusion of organisms that can 
cause infections of the gastrointestinal tract (enteric pathogens). As the majority of 
domestic rainwater tanks are installed above ground and run-off collected from roofs via 
guttering, sources of micro-organisms are likely to come from soil, leaf litter 
accumulated in gutters, and faecal material deposited by birds, lizards, mice, and rats.  
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Figure 4.24: Site visit to HDB pilot RWH project at Yishun  
Source: (HDB, 2007b) 
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Figure 4.25: Separate rainwater and mains water pipes, and lid inspection 
Source: (HDB, 2007b) 
 
 
 
(continued from p. 99) 
The risk of contracting illness from rainwater supplied from well-maintained roof 
catchments and tanks is low. But the water quality from household tanks is not as 
consistently high as that from well-managed urban water supplies. Microbiological 
quality is also not as reliable as mains water, particularly after rain events (Australian 
Government, 2004). As RWH needs top-up of mains water supply as back-up, 
connections to potable water sources (if not made ―foolproof‖) can provide pathways 
for backflow of contaminants into the mains water distribution system. The regulatory 
framework to prevent backflow and cross-connection control has to be complied. 
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Table 4.10: Rainwater quality of pilot project monitored (July to December 2006) by HDB  
 
2006 Monitoring Periods 
S/No Month Date  Water Meter Reading (m
3
) Colour 
1  July 14-Jul 3.9 Slightly brownish: particulates present 
2  20-Jul 4.8  
3  26-Jul 4.8 Slight presence of particulate. Water is clear 
4 August 02-Aug 5.8 Slight presence of particulate. Water is clear 
5  08-Aug 5.8 Water is brownish 
6  16-Aug 7.1 Water is brownish 
7  23-Aug 7.1 Water is brownish 
8  30-Aug 8.7 Water is brownish 
9 September 06-Sep 9.7 Water is brownish 
10  13-Sep 11.7 Water is brownish 
11  20-Sep 14 Water is brownish 
12  27-Sep 14.4 Water is brownish 
13 October 04-Oct 15 Water is brownish 
14  11-Oct 15 Water is brownish 
15  18-Oct 15.5 Water is brownish 
16  25-Oct 16 Water is brownish 
17 November 08-Nov 16 Water is brownish 
18  15-Nov 16.5 Water is brownish 
19 December 05-Dec 17.6 Water is brownish 
20  12-Dec 18.1 Water is brownish 
Source: (HDB, 2007b) 
Note: The harvested rainwater quality at Yishun was generally found to be satisfactory for non-potable use. No bacteriology or chemical testing was done as 
rainwater is mainly used for garbage chute cleaning and washing of common areas. There was no odour. As there was colour in the water, HDB has since 
learnt to use a filter to remove the dirt that causes the colouring, and also odour, if any. Perception is still important. 
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4.6 Cost analysis 
4.6.1 Stormwater collection ponds 
  Singapore‘s first stormwater collection ponds, at Sungei Seletar-Bedok Water 
Scheme, are part of the centralised mains water supply system. The initial capital outlay 
was S$277 million in 1986 (section 4.3.1) (PUB, 2002a), and the other costs are: 
i. pumping cost to reservoirs, waterworks etc.; 
ii. treatment cost; 
iii. distribution cost; 
iv. operation and maintenance cost. 
Data on the breakdown of cost for i, ii, iii, and iv on potable water are unavailable. 
However, the operation and maintenance cost (iv) breakdown in general was available 
in PUB 1999 Annual Report. Figure 4.26 illustrates that the maintenance cost (20.3%) 
in the total operating expenses of S$252 million (i.e. manpower at S$69 million, 
maintenance and other expenses at S$67 million, depreciation at S$52 million, property 
tax at S$23 million, electricity cost at S$20 million and service department costs atS$18 
million) in the centralised mains water supply system are the top three largest expenses. 
The maintenance expenses are thus very high.  
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Figure 4.26: Distribution of total operating expenses of PUB (year ended 31 December‘99) 
Source: (PUB, 1999) 
 
Note: 20.3% of total operating expenses at S$252 million as maintenance expenses =  S$51 million. This is significant, as it is the top three operating 
expenses. 
 
Chapter 4                                                                         Analysis of technology options 
 
104 
 
4.6.2  Roof rainwater harvesting 
The decentralised RWH system cost is site specific as the RWH system is 
installed to their specific use. The total cost includes: 
i. capital cost of developing (and retrofitting the collection area, if any) 
ii. capital cost of rainwater tank (in addition to installation cost at ground, 
underground or elevated level) 
iii. first-flush device 
iv. membrane filters, pipes, pumps, UV unit (if necessary) 
v. energy cost of pumping (if installed at underground or ground level); 
vi. operation and maintenance. 
By assuming that the collection (roof) area is already in place and that no extra 
costs are included in RWH the most important item in RWH is the tank (underground or 
above the ground), which cost varies from the different materials used. If this is not the 
case, costs related to collection area construction have to be added. As seen in the 
summarised RWH cost for the 6 case studies (Chapter 5), the total RWH system costs 
vary from as low as SS1800 (hose and pumps only) for The Chinese Garden, S$2700 
(waterjet only) for Sungei Buloh Wetland, S$200,000 (tanks, pumps and pipes) at City 
Square Residences, S$1.6 million (tank, pumps and pipes, with rainwater tank at S$1.1 
million) at Temasek Polytechnic. The most expensive RWH system cost at S$2.3 
million was treatment plant at Changi Airport—as there is no tank cost, or additional 
piping cost as these were built for potable water use and now replaced by NEWater.  
The tank cost can be small varying from zero (recycled water barrel at Sungei 
Buloh Wetland or pond (as storage) in Jurong Chinese Garden) to S$25,000 each (a 
reinforced concrete tank sized 25m
3
) in Fort Canning and City Square Residences, and 
S$1.1 million (a reinforced concrete tank sized 2,000m
3
) in Temasek Polytechnic. RWH 
also has zero or low operational and maintenance cost as it can be maintained by a non-
expert. The operating and maintenance cost can be zero, or low at 0.5% of total 
operating cost (i.e. S$4380 of S$800,000) at Sungei Buloh Wetland where only 2 
workers are employed  to water the plants (whether using rainwater or potable water) 
one hour a day (for 365 days). As this expense is below 1%, it is considered 
insignificant and does not appear separately but as a remark in the accounts at Sungei 
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Buloh Wetland. There is low or no treatment cost as it is for non-potable use. There is 
no transportation and distribution network cost as water is supplied and used near or at 
source. There is low energy cost because there is no (or low) water treatment, no (or 
little) transportation and network distribution cost. Energy usage is in pumping water up 
the building if tank is installed underground or at ground level.  
A detailed cost of roof RWH system shall be discussed in the sustainability 
analysis in Chapter 6. Life cycle cost (LCC) and discount rate is inapplicable for RWH 
system in Singapore as the bank rate of return (or discount rate) at 1% (or less) is less 
than the inflation rate of 6-7% presently (AP, 2008). If the rainwater tank is installed at 
i) underground or ii) at ground level, there is cost of pumps, and energy cost of pumping 
water up the building. These costs are low compared to the foundation cost and 
structural reinforcement cost of concrete and steel to absorb the additional load if the 
rooftop rainwater tank is installed (where a separate study will be needed to ensure 
existing building has the structural capacity of extra loading of a rainwater tank). The 
cost of pumping comprised of three components (pump power + duration + unit cost): 
a. Pump power:  Ph = q ρ g h / η         where  
Ph = power (kW)   
q = flow capacity (m
3
/s) 
ρ = density of fluid (kg/m3)  
g = gravity (9.81 m/s
2
) 
h = differential head (m)   
η = pump efficiency 
b. Power consumption (kWh) = Power x duration (h)  
c. Unit cost of electricity (i.e. energy) 
The rainwater tank has to meet daily consumption demand, and the cost of 
pumping is 24 hours (i.e. 86,400 seconds) up the height (m) of the building if the tank is 
installed at i) ground or ii) underground level. The benefits of roof RWH over 
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stormwater collection ponds will be the significant potable water cost savings when 
rainwater is substituted for non-potable purposes such as toilet flushing, irrigation and 
floor washing. The energy cost of pumping water up the building is insignificant 
compared to the energy cost of a centralised mains water supply system, as discussed in 
sustainability analysis in Chapter 6. The cost-effectiveness of the roof RWH system 
over the centralized mains water supply system is discussed in Chapter 5. 
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Figure 4.27: Block 171 Woodlands Street 11 used in case study.  
Source: Site visit to  Woodlands Town in 2007 
 
 
Note: This is a 10-storey high HDB slab-block. If rainwater tank is installed at ground level, cost of pumping as operating energy cost has to be calculated.
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4.7 Sizing rainwater tank  
The correct size of a rainwater tank is important to optimize rainwater use 
(Khastagir and Jayasuriya, 2007). The ‗one size fits all‘ approach is not optimal as 
rainfall is variable and unpredictable. The tank sizes are determined only after 
considering the geographic location, daily rainfall, roof size, intended use of rainwater 
and the supply reliability desired. In determining the optimum size of a rainwater tank, 
location sensitive rainfall variation must be considered. One has to examine the spillage 
and usage relationship before selecting the appropriate tank size (Khastagir and 
Jayasuriya, 2007). Thus in determining the optimum tank size, a sensitivity analysis 
(section 4.7.1) has to be performed, studying the i) rainfall and ii) catchment 
characteristics: 
i) Rainfall characteristic - Rainfall is the most unpredictable variable in the 
calculation. To determine the potential rainwater supply for a given catchment, reliable 
historic (time series) or processed rainfall data are required, preferably for a period of at 
least10 years. Rainfall data from the station nearest to the point of harvesting with 
comparable conditions is preferred. Temporal distribution (for example the number of 
annual rainy days) also influences the need and design for RWH. If the dry period is too 
long, big storage tanks is needed to store rainwater. Hence in such regions, it is more 
feasible to use rainwater to recharge groundwater aquifers rather than for storage. 
ii) Catchment area characteristics - Runoff depends upon the area and type of the 
catchment over which it falls as well as surface features. All calculations relating to the 
performance of RWH systems involve the use of runoff coefficient to account for losses 
due to spillage, leakage, infiltration, catchment surface wetting and evaporation. Runoff 
coefficient for any catchment is the ratio of the volume of water that runs off a surface 
to the volume of rainfall that falls on the surface. The runoff coefficients for various 
catchment surfaces, as given in Table 4.4, can be used in calculating the RWH potential 
using the equation (Sacheva and Sharma, 2008):  
 
RWH potential (litres) = Rainfall (mm) x Area of catchment (m
2
) x Runoff 
coefficient 
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In the natural condition the catchment of a RWH system is the surface that 
receives rainfall directly and provides water to the system. In rooftops RWH, if 
buildings with impervious roofs are already in place, the runoff coefficient is high and 
the whole catchment area is effectively available for collection (often free of charge). 
4.7.1  Sensitivity analysis 
In sensitivity analysis a certain sized tank and initial volume is assumed at the 
beginning of the simulation.  The bigger the tank the more rainwater can be harvested 
and also the least amount of rainwater spillage possible. Similarly, the greater the initial 
volume (at the start of the analysis) the lesser the amount of rainwater can be harvested 
and the greater the likelihood for rainwater spillage in the event of a heavy downpour. 
The total (assumed) tank size and the initial volume (at the start of the analysis) thus 
affect the ratio between the harvested and spilled volume of rainfall.  
 A HDB high-rise building at Block 171 Woodlands Street 11 (Figure 4.27), 
representing a HDB slab block is used as a case study, in a simulation exercise, to 
determine the optimum sized rainwater tank, if RWH is to be implemented at the HDB 
estates. The following assumptions are made: 
 
i. Block 171 Woodlands Street 11 represents a HDB slab block 
ii. Estimated number of residents = 714 people* (from 119 units) (Table 4.3) 
iii. Hourly water consumption pattern is similar to that in Figure 4.20 
iv. Water consumption is 158 litres per capita per day (NEA, 2005) 
v. Consumption of non-potable water = 0.25 (25% of the daily consumption) 
[ii, iii, iv and v are parameters used to calculate the total hourly non-potable 
water consumption (Output), where rainwater is used primarily for toilet 
flushing, floor washing, etc] 
vi. Number of storey = 10-storey used to calculate the height of the building, which 
is to compute energy cost for pumping water up the building 
vii. Roof area catchment = 1200m2 
viii. Roof runoff coefficient (assumed) = 0.85 
ix. Hourly rainfall data for 10 years period 1st July 1997 to 30th June 2007, from 
Upper Seletar rain station is reliable  
[vii, viii and ix are parameters to compute rainfall collection (Input)] 
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x. Threshold for mains (tap) water top-up is triggered at water volume (measure by 
water level in the tank is equivalent to 5% of tank size) 
xi. Initial balance (volume in the tank at the start of the analysis) in the tank is fixed 
amount at 10m
3
(or relative amount 20% of the tank sized 50m
3
)   
xii. Tank size (m3) = varies from 50m3 to 100m3 to arrive at optimum size 
xiii. Tank cost varies, depending on materials used 
xiv. Potable water rate (S$) = S$2.24/m3 
 
Note: *714 people is arrived at under assumption made that: 1Room (studio) = 1 person, 
2Room = 2 persons, 3Room = 4 persons, 4Room = 6 persons, 5Room = 6 persons, 
Executive Apartment (EA) = 6 persons, Maisonette (EM) = 6 persons, Shop house (SH) 
= 0, Eating house (EH) = 0, Others (Recreational) = 0   
Altogether there are 119 units made up of:      112 4Room units = 112 x 6= 672 persons 
                  7EA units =7 x 6 = 42  persons 
                                                                                                             Total =714 persons 
The steps involved in calculating the water balance in the tank at hourly interval can be 
summarised as: 
i. Water balance from previous hour  (W1)  
ii. Input: hourly rainfall (R) 
iii. Output: hourly consumption (C) 
iv. Balance before adjustment at this hour (W2)  
v. Balance after adjustment with mains (tap) water supply (W3) 
vi. Balance at the end of the hour, after adjustment with overflow (W4) 
vii. Water triggered from mains (tap) water (P) 
 
Thus W2 = W1 + R – C (see above definition) 
If (W2) < threshold level for mains (tap) water trigger,  
trigger mains (tap) water   
W3 =W2 + mains (tap) water  
Otherwise  
 W3 = W2 
If W3> tank size 
 W4= tank size 
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 Water overflow at this hour = W3- tank size 
Cost of RWH installation includes the tank cost plus piping cost plus pumping cost. 
This initial capital outlay is used in payback methodology in Chapter 5 to find when 
capital outlay is recouped. The low operating and maintenance expense of RWH and the 
negligible energy cost are discussed in the sustainability analysis in Chapter 6. 
 In this simulation exercise, the method of sizing the reservoir storage is based on 
the mass curve which is based on historical data. In this method, mass curve of a 
variable rainfall inflow is subtracted from the mass curve of a constant demand outflow. 
The maximum cumulative difference is the required storage for 100% reliability 
(Schiller and Latham, 1982). Demand and rainfall inflow are simultaneously 
accumulated to determine the following month‘s initial storage. The programme was 
run, in this instance based on roof area of 1200m
2
 only (but it could be more at 900m
2
, 
1000m
2
 etc where other slab-blocks and point-blocks are considered), roof runoff 
coefficient of 0.85 and storage capacities (i.e. tank sizes) of 30m
3
, 40m
3
, 50m
3
, 60m
3
, 
80m
3
, and 100m
3
(Figure 4.28). The historical data of 10 years hourly interval rainfall 
data (1 July 1997 to 30 June 2007) were used with different mains (tap) top-up, and 
different minimum initial water balance in the tank (10m
3
, 15m
3
 and 20m
3
). Only 
workings of the initial water balance of 10m
3
 in the tank is shown in this simulation for 
determining optimum tank size. The optimum sized tank is assumed to be one where 
maximum rainwater is collected, with least loss in rainwater overflow and least mains 
(tap) water top-up 
4.7.2  Discussion and results 
 At the start of the analysis the rainwater tank is assumed not to be empty, but 
starts off with an initial water balance in the tank. An initial water balance is used, as 
otherwise mains water top-up would be triggered immediately. Different initial water 
balances at 10m
3
, 15m
3
 and 20m
3
 were tried. If the initial balance in the tank is greater 
than 10m
3
 and is at 15m
3
 or 20m
3
, there would be less room in the tank for collecting 
rainwater resulting loss in rainwater overflow. The tank size for the simulation exercise 
starts at 50m
3
, and from there it progresses from size 30m
3
, 40m
3
 to size 50m
3
, 60m
3
, 
80m
3
 and 100m
3
 to find the optimum size tank for capturing maximum rainwater, with 
least loss in rainwater overflow and least mains (tap) water top-up. The trigger sensor 
level is set at 5% of the tank size (i.e. 2.5m
3
) of 50m
3
. The amount of mains (tap) water 
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top-up simulated varies from 3m
3
 to 1.1m
3 
to determine the best volume of mains water 
top-up. One option is to fix the volume of mains water top-up (as in this exercise), and 
the other is to have variable top-up so that if it rains immediately just after the mains 
water top-up started, it is automatically switched off by sensor to harvest maximum 
rainwater. This is to assure that the tank is always full for drawdown and is not empty 
for emergency purpose. The greater the amount of mains water top-up means less 
rainwater can be collected and that there is greater loss in rainwater overflow as the tank 
gets full quickly. The daily water consumption demand (25% of 158 litres/per 
person/per day) is assumed to remain the same throughout the 10 years historical 
rainfall data for the simulation exercise.  
The initial water balance in the tank is now set at 10m
3
, after trying 10m
3
, 15m
3
, 
and 20m
3
. For simulation purpose, the mains water top-up (as back-up) (i.e. the amount 
of water withdrawn from the mains in one top-up event) was first selected at 3m
3 
when 
triggered. This top-up amount is considered wasteful. The less mains water top-up (as 
back-up) means there is more room in tank for rainwater collection and less loss in 
rainwater overflow. This 3m
3
 top-up mains (tap) water figure is adjusted downwards to 
1.5m
3
 and below, so long as it does not result in a negative balance in the tank. The 
lesser mains (tap) water as top-up means there is less mains water used and less loss in 
rainwater overflow (Figure 4.28). The appropriate top-up is somewhere between 1.5m
3 
and 1.02m
3
 as back-up for storage capacities (i.e. tank sizes) varying 30m
3
 to 
100m
3
(Figure 4.28). At the different 1.5m
3
, 1.2m
3
, 1.1m
3
, 1.05m
3
, and 1.04m
3
 mains 
water top-up (as back-up), the total water consumption and water balance at the end of 
the period remains the same. But the mains water used and the rainwater overflow for 
the same sized tank are different. Total rainwater collected, irrespective of the tank 
sizes, is the same for the period. It is the quantity of rainwater overflow that varies 
according to the tank sizes.  
The next step is selection of the best storage capacity to collect maximum 
rainwater to meet demand for non-potable use. Tank sizes at 30m
3
 and 40m
3
 are 
considered too small as there is negative water balance at the end of the period when the 
top-up mains (tap) water amount is at 1.05m
3
(Table 4.11). The appropriate tank size 
would be between 40m
3
 to 80m
3
 depending on cost of the tank.  From the simulation 
exercise, it is found that 1.1m
3
 of mains (tap) water top-up is the most suitable (Table 
4.11). Less than 1.1m
3
 of mains (tap) water top-up would result with a negative water 
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balance at the end of the 10 years period, for tank sizes of 30m
3
 to 80m
3
. Simulation 
helps in determining the level of mains (tap) water top-up so that maximum rainwater 
can be collected in the tank with minimum loss in rainwater overflow.  
 
 
 
 
 
 
                       Mains (tap) water top-up (m
3
) 
 
         Legend   
          
 
                                                 Tank size 
 
 
 
 
 
Figure 4.28: Sensitivity analysis of different sizes tank and mains (tap) water top-up  
 
Note: When mains(tap) water top-up amount is small, there is room in the tank for more 
rainwater collection and less loss of rainwater overflow.  
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After finding the optimum tank size with the appropriate mains (tap) water top-
up, the next step is to calculate the potential potable water savings. This is the total 
amount of rainwater used at the end of the period (10 years historical rainfall data 
period), where rainwater substitutes and replaces the mains water previously used for 
non-potable purposes (e.g. toilet flushing and floor cleaning). In this simulation 
exercise, conservatively only 25% of the water consumption per capita is taken as for 
non-potable use. In reality, the non-potable use per person is around 50% of 158 litres 
per person per day (Figure 4.19)(16 % flushing cistern, 19% laundry, 10% wash basin, 
and 4% others). Thus the potential potable water savings would be greater, twice than 
that shown in Table 4.12. The 50% of consumption per capita for non-potable use 
seems to be the average per person. In New Zealand, non-potable water use is around 
65% (Table 4.13) (25% toilet, 20% laundry and 20% gardening)(Vale and Ghosh, 
2006).
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Table 4.11: Sensitivity analysis based on different sizes tank and mains (tap) water top-up  
  Mains water 1.5m
3
 top-up 
tank size  50m
3
 60m
3
 80m
3
 100m
3
 30m
3
 40m
3
 
total water consumption 51069 51069 51069 51069 51069 51069 
total mains water used 36933 36385 35763 35400 38790 37679 
total rain water overflow 2833 2284 1661 1297 4664 3579 
total rainwater used  14130 14678 15301 15664 12272 13383 
final water balance in tank for the period 3.19 4.19 4.97 5.47 2.69 2.19 
 
Mains water 1.2m
3
 top-up 
tank size  50m
3
 60m
3
 80m
3
 100m
3
 30m
3
 40m
3
 
total water consumption for the period 51069 51069 51069 51069 51069 51069 
total mains water used 36846 36332 35755 35392 38636 37579 
total rain water overflow 2742 2207 1628 1285 4511 3454 
total rainwater used  14216 14730 15324 15651 12425 13483 
final water balance in tank for the period 2.89 3.29 4.67 5.49 2.09  2.49 
 
Mains water 1.1m
3
 top-up 
tank size  50m
3
 60m
3
 80m
3
 100m
3
 30m
3
    40m
3
 
total water consumption for the period 51069 51069 51069 51069 51069  51069 
total mains water used 36653 36196 35680 35360 38270  37325 
total rainwater overflow 2546 2088 1573 1251 4165  3220 
total rainwater used  14408 14866 15381 15704 12788  13735 
final water balance in tank for the period 1.89 2.04 2.67 3.97 -0.51  0.69 
  
(continue next page) 
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Mains water 1.05m
3
 top-up 
tank size 
 
50m
3
 60m
3
 80m
3 
100m
3
 30m
3
 40m
3
 
total water consumption for the period 51069 51069 51069 51069 51069 51069 
total mains water used 36477 36090 35610 35326 37861 37035 
total rain water overflow  2371 1983 1505 1219 3744 2915 
total rain water used  14580 14968 15447 15733 13192 14021 
final water balance in tank for the period -2.06 -1.51 -1.03 0.07 -5.41 -2.76 
 
 Mains water 1.04m
3
 top-up 
 tank size 50m3 60m3    80m3 100m3 30m3 40m3 
 
 
 
 
 
 
Mains water 1.02m
3
 top-up 50m
3
 60m
3
 80m
3
 100m
3
 30m
3
 40m
3
 
total water consumption for the period 51069 51069 51069 51069 51069 51069 
total mains water used 36379 36012 35559 35305 37623 36889 
total rain water overflow  2264 1897 1459 1188 3509 2775 
total rain water used  14672 15040 15494 15749 13427 14161 
final water balance in the tank for the period -7.76 -6.94 -6.61 -4.97 -8.38 -8.58 
 
 
 Source: Compilation from PUB 10-year rainfall data (July 1, 1997-June 30, 2007) 
 
Note: All units shown are in m
3
. The larger the tank, there is less loss in rainwater overflow with more rainwater collected and less mains water used. Also,    
with less mains water top-up, more rainwater is used with less loss in rainwater overflow. 
 
      
total water consumption for the period  51069  51069   51069    51069        51069  51069  
total PUB water used  36447  36063 3559    3200          37771  36982  
total rain water overflow   2344  1957 1489    1208          3669  2879  
total rain water used   14607  14994 15461    15742        13281  14072  
final water balance in tank for the period  -4.58  -2.90  -1.97     -0.69         -6.39   -5.22 
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Table 4.12: Potential potable water savings during the 10 years period (1997-2007)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Note: 
1
Base on the 6 case studies made (Chapter 5), rainwater irrigation tank of 25m
3
-30m
3
 (50m
3
 and under) cost between S$25,000 (reinforced concrete   
tank in Fort Canning Park) and S$65,000 (reinforced concrete tank inclusive of excavation cost at City Square Residences). Tank over 50m
3
 would cost 
much more than S$65,000 as a tank of 72m
3
 at Changi Airport in the 1980s cost S$50,000. The larger the storage capacities of the tank result in less loss in 
rainwater overflow.
Tank size 
(m
3 
)
1
 
Initial Capital Cost 
S$ 
Water savings 
(m
3
) 
Money saving @S$2.24/m
3
 
S$ 
Loss of rainwater (overflow)  
(m
3
) 
40 25, 000-65,000 13,735  30, 766 (± 1%) 3220 
50 25, 000-65,000 14,408                  32, 273 (± 1%) 2546 
60 >65, 000 14,866  33, 299 (± 1%) 2088 
80 >65, 000 15,381  34, 453 (± 1%) 1573 
100 unavailable 15,704  35, 176 (± 1%) 1251 
Total                         165, 970 (± 1%) 9548 
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Table 4.13: Household use breakdown  
  
 
 
                 
 
 
 
 
 
Source: (Vale and Ghosh, 2006) 
  
 
 
The initial capital cost of the rainwater tank is normally recouped within 3-10 
years depending on the annual water savings amount and the initial capital outlay.  
Based on the potable water saving of one person at a conservative figure of 25% of 158 
litres per day, the potential potable water saving of 714 residents at Block 171 
Woodlands Street 11 is 10,294m
3
 (i.e.[0.25*158/1000] x 365 x 714).  The potential 
water cost savings is approximate S$23,058 per year. From Table 4.12, the capital 
outlay can be recouped within 2-3 years based on a simple payback period. One can 
conclude that roof RWH is worth serious consideration. Roof area does affect 
significantly the capture of rainfall and therefore are more reliable. The rain delivered 
when computed using longer hydrological periods would elicit higher average values 
(Hassan, 2009). In this case study the rainfall station is PUB Upper Seletar rain station, 
close to the site of study. The closer the rainfall stations to the buildings, the more 
accurate it would be when predicting the yield/roof water use per year.  
 
4.8  Conclusion 
 Rainwater provides a free, safe alternative water source. It can readily be used to 
replace increasingly sparse potable water. Rainwater and snow are the primary sources 
of all drinking water on earth. RWH is of two broad categories: land-based and roof-
based. Singapore stormwater collection pond, which is part of the integral centralised 
mains water system, is land-based as rainwater runoff is collected in the ponds before it 
Water Use  
categories  
Percentage  
breakdown % 
Water use (litres per  
capita per day-averaged) 
        
Kitchen   10   17   
Bathroom  25   43   
Laundry  20   35   
Toilet  25   43   
Garden  20   35   
Total  100   173 (63m
3
/year/capita) 
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is pumped to the reservoirs. Roof-based harvesting, on the other hand, involves 
collecting the rainwater that falls on a roof before the water reaches the ground. Roof-
based systems generally produce water with lower levels of chemical and biological 
contaminants. There is generally no need to treat rainwater as it is for non-potable use or 
a simple (cheap) treatment can be applied. The level of treatment needed depends on 
whether the intended uses require portability (such as drinking, food preparation, 
bathing, and washing dishes or hands) or do not (such as toilet flushing, laundry, and 
irrigation). Rainwater that is used for potable purposes must receive a higher level of 
treatment than water that is harvested for irrigation.  Thus quality-wise, roof-based 
harvested rainwater is cleaner than land-based rainwater that comes from the ponds as it 
has travelled a longer distance and is more contaminated. Roof-based RWH is proposed 
for greater use in sustainability as it makes sense to use rainwater to supplement the 
mains water supply, nor replacing it, for non-potable use. The goal here is to build an 
integrated water supply system where large reservoirs (created by dam construction) 
supplied systems work hand in hand with thousands of mini ―reservoirs‖ found in the 
form of both residential and commercial rainwater tanks installed throughout the 
municipal area. Authorities should show greater support and flexibility by 
acknowledging the role rainwater tanks can assume in an integrated urban water supply 
network. Users should also be encouraged to use rainwater for sensible demands as 
opposed to ―saving‖ it to have it available for restricted uses such as irrigation. This 
approach would maximise the water savings potential of rainwater tanks. RWH, though 
low technology, still requires planning and proper design for its implementation so as to 
maximise water savings from the RWH scheme. An experienced designer will be able 
to design one where rainwater collection is maximised (as shown in this section) with 
an optimum capacity tank with least residual overflows. 
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5.1 Introduction 
RWH is low-technology, used in the collecting and storing of water for human 
use from rooftop or land surfaces, and its methods range from simple jars to complex 
engineered techniques. These techniques have been practised for over 4,000 years 
(UNEP-IETC, 2002). Rainwater offers an abundant, safe and economic water source 
and, in recent years, has proved to be an important alternative source of freshwater. 
RWH can significantly reduce mains water demand for non-potable purposes. 
Depending on the use of the harvested water, achieving good water quality is generally 
not a problem (Rahman and Craddock, 2007). Rainwater collected from roofs and 
stored in tanks can be an excellent source of water for indoor and outdoor uses. Design 
of the RWH system will depend on a number of factors such as: 
 the proposed uses of the roofwater (toilet flushing, laundry, outdoor use, etc.,) 
 the objective of the roofwater system (stormwater management, mains water 
demand management or other objectives) 
 whether the storage is above or below ground, and 
  whether the roofwater system will form part of a dual water supply system (i.e. 
mains water and roofwater) or will the roofwater system be independent of the 
mains water supply. 
The design objectives of the roofwater system and the water quality 
requirements will govern the end uses of the roofwater (Coombes and Kuczera, 2001). 
To keep a RWH system functionally properly, periodic maintenance is required - this is 
particularly important with systems used for portable water. For this study, where the 
operation and maintenance cost of the RWH system are insignificant, they are excluded 
from the economic analysis.  
RWH is an important water source in areas, especially with significant rainfall 
but without a centralized supply system or where other good quality surface water or 
ground water are lacking, as in the case of Singapore (Kwa and Joey, 2002). Singapore 
adopted a ‗Four National Taps‘ strategy to increase water resources (MEWR, 2005a) 
has evolved from a conventional single water supply (i.e. reservoir) system into the 
present diversified water resources system (i.e. water from local catchment, imported 
water, recycled used water and desalinated water). However, in its water loop, there is a 
gap where Singapore can achieve greater sustainability by introducing rooftop RWH as 
an additional freshwater source, as so far this has not been exploited to a significant 
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scale (Chen et al., 2010). Alternative water supplies that supplement traditional 
centralized water supply schemes must offer benefits, both to consumers and the 
centralized system, in order for their successful uptake (Ekins, 2007). A paradigm shift 
is required in the minds of regulators and water authorities to facilitate this. It is also 
important to use the appropriate RWH technology. A major concern has been the 
assumption that rainwater tanks cannot provide a reliable supply during a drought, and 
this has been challenged (Knights and Wong, 2007).  
Compared with other technologies RWH has less negative environmental 
impacts when compared to the environmental problems that often resulted from 
centralized, conventional, large-scale projects (Liaw et al., 2007). It contributes to water 
conservation and reduces mains water dependence in urban areas. Rainwater tanks, 
though primarily used for water supply, can be used for on-site detention to cope with 
under-capacity street drainage and for flood and erosion control purposes (Sterren et al., 
2007). The RWH system can be both owner- and utility-operated and managed, with 
roofwater provided at or near the point where it is needed (UNEP-IETC, 2002). RWH 
technologies are flexible and can be used to meet many requirements. The cost-
effectiveness of rainwater tanks is determined by the installation and operating cost of 
rainwater tanks, compared with water bill savings and the impact of garden water 
restrictions. Benefits include both the property owner‘s perspective and the broader cost 
savings, such as deferred water infrastructure to the community, savings to stormwater 
infrastructure and environmental externalities, such as the cost of greenhouse gas 
emissions (Pickering and Whiteoak, 2007).  
In this study, six cases based on data availability in Singapore were selected 
from the private sector and semi-governmental entity for studies on the RWH system.  
Both technical and economy aspects have been tackled. These six cases were selected to 
show the flexibility and range of the RWH systems, varying from a simple system to a 
complex, sophisticated system which can be adopted and installed to meet varying 
needs.  
 
5.2 Methodology 
Six different cases in Singapore were selected for RWH studies, varying from a 
simple to a more sophisticated system, as follows: 
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i) Simple roofwater collection systems - The main components consist of the cistern, 
the piping that leads to the cistern and the appurtenances within the cistern. Some 
cost-effective systems involve cisterns made with ferro-cement (Sharma, 2005).  
ii) Larger systems for educational institutions, airports and other facilities – The 
overall system is more complicated, with rainwater collected from the roofs and 
grounds of institutions, storage in underground tanks, treatment and then use for 
non-potable applications.  
iii) Roofwater collection systems for high-rise buildings in urbanized areas – The 
roofs of high-rise buildings can be designed for catchment purposes and the 
collected roofwater kept in separate cisterns, on the roof or underground, for 
potable and non-potable uses.  
The methodology used for quantification of RWH cost is the payback period (i.e. 
the number of years to recoup the capital outlay) used in the economic determination of 
installing RWH systems. In terms of collecting rainwater (quantity in m
3
) from the roof 
surface (instead of road or impervious land surface), the runoff efficiency of roof is 
estimated to be 75-90%,  with higher efficiencies at lower temperatures and where 
rainfalls are longer and more frequent (CRD, 2007). A detailed economic analysis 
considers the capital, labour and running costs, including the electricity cost necessary 
to run the system. Capital costs include tank, filter, pump and accessories. The discount 
rate or interest cost (i.e. rate of return of capital) is excluded as the present inflation rate 
at 6-7% is higher in Singapore than the rate of return at 1% (or less)(AP, 2008). The life 
cycle cost (LCC) analysis is not used here as it is not appropriate. A main objective of 
the LCC analysis is to quantify the total cost of ownership of a product throughout its 
full life cycle, which includes research and development, construction, operation and 
maintenance, and disposal. The total cost of a product through its life cycle comprises 
not only ―acquisition costs‖, but also ―ownership costs‖ like operation and maintenance 
costs, logistics costs, etc. (Kawauchi and Rausand, 1999). The ownership costs may be 
higher than the acquisition costs. In RWH the operation and maintenance costs is 
usually low and the upfront acquisition cost is higher. The tank cost is the most 
important item in RWH. In this study, the storage cistern for an urban RWH system is 
optimally sized (see Chapter 4, section 4.7), accordingly to its use, to reduce 
substantially the need for mains water top-up and peak rainwater overflow. The 
optimum size of the rainwater tank, based on the hydraulic model on a daily use basis 
will depend on the variable parameters such as rainfall, consumption demand and 
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minimum amount in the tank before triggering mains water top-up. The RWH system 
costs include rainwater tanks, pumps and piping system, operation and maintenance (if 
any), and savings in water bills and other benefits.  
 
5.3 Results  
The selected 6 Singapore cases demonstrated significant potable water savings 
and that water can create an aesthetic dimension in the city (Lim, 1993). The payback 
periods consider both the yield and rainwater collection cost, varying significantly on 
the simplicity or sophistication of the RWH system and the building‘s variables, 
particularly the roof catchment area or pond.  
5.3.1 Simple roofwater collection system  
Sungei Buloh Wetland Reserve (Case 1) 
 
 
 
     
 
Figure 5.l: Water barrel (left) and pond (right) at Sungei Buloh Wetland Reserve 
Source: Site visit at Sungei Buloh Wetland (August 2008) 
 
 
 
Sungei Buloh Wetland Reserve (Case 1) 
The Sungei Buloh Wetland Reserve (area 130ha) is Singapore's first and only 
protected wetland nature park and one of two parks to be gazetted as Nature Reserves. It 
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became Singapore‘s first ASEAN (Association of Southeast Asian Nations) Heritage 
Park in 2003 (Sungei Buloh Wetland Reserve, undated, Sungei Buloh Wetland et al., 
2008)  It is home to over 500 species of tropical flora and fauna (Newasia Singapore, 
undated). About 240m
3
 of rainwater is collected annually from the ponds, eaves of the 
roofs or via simple gutters into traditional water buckets (recycled from scrap-
yards)(Sungei Buloh Wetland et al., 2008) (Figure 5.1), and is used primarily for 
washing cars, equipment, vehicles and irrigating plants. Such RWH practices, carried 
out for almost 2,000 years in Thailand, and are still the methods used today in many 
remote rural areas (UNEP-IETC, 2002). Outdoor, non-potable uses and indoor uses, 
such as toilet-flushing, are the most cost-effective RWH applications in areas served by 
a municipal drinking water infrastructure (CRD, 2007). The most expensive equipment 
here is the waterjet (i.e. fast speed water-hose) costing S$2,700, used for cleaning toilets 
and grooved boardwalks. Based on Table 5.1 the capital outlay is recouped within five 
to six years as water savings are about S$500 per year. The roof runoff efficiency (i.e. 
percent of storm runoff collected from rooftop) is approximately 50% as the size of the 
water barrel is limited and additional stormwater collected overflows. If rainwater is 
also used for toilet-flushing, pantry uses and others, water savings will be greater. 
The Chinese Garden (Case 2)  
The Chinese Garden (also known as Jurong Chinese Garden), area 13.5ha, at 
Jurong was built in 1975 as part of Jurong Town Corporation (JTC)'s plan to bring 
greenery to the industrial landscape of Jurong. The Chinese Garden illustrates how 
RWH cost may further be reduced if tanks are eliminated altogether. Pumps in RWH 
systems are simpler and less expensive to purchase and operate than other accessories. 
Simple or natural storage means pond (like Sungei Buloh Wetland) is employed to 
make roof runoff available for plants during longer dry periods. Here pond water from 
Jurong lake meets 100% irrigation needs in its 4ha of intensive landscape (Figure 5.2), 
while turfed area and mature trees in open spaces are fed by rainfall. These strategies 
have proved cost-effective, maximizing the benefit of rainwater for irrigation. The 
RWH system consists of the pond area (i.e. catchment), water-hose and two suction 
pumps run by petrol. The pond water is pumped through a hose to water plants (Figure 
5.2). The capital outlay is S$1800 with about 5,000m
3
 per month of rainwater used 
(Table 5.2). Capital outlay is recouped less than a week with an annual water bill 
savings of approximately S$130,000 (Table 5.2).  The non-potable water for irrigation 
and water features amounts to 92% of the total water used. Potable water is used for 
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general washing and toilet-flushing and accounts for 8% of the total water consumption. 
This will soon be replaced by non-potable water (Table 5.3). The Chinese Garden has a 
distinct RWH advantage as it is an island, surrounded by the Jurong Lake, which make 
it effectively easy to draw stormwater from the pond (Figure 5.3).   
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Table 5.1: Water savings at Sungei Buloh Wetland  
High Pressure Water Jet     Litre m
3
 m
3
/month m
3
/year S$ 
14 litres/min x 60 mins x 12 hrs x 3 Frequency per year  30, 240 30.24 - 30.24  
 
Cost savings @ S$2.24/m
3
        67.74 
 
Rain/Fresh Pond Water Usage for Washing, Watering Plants      
1 Barrel = 200 litres          
6 Club Cars (2 barrels x 4 times/month)     1, 600     
Corridor (3 barrels x 1 time/month)           600     
Toilets (3 barrels x 1 times/month)           600     
Vehicles (1 barrel x 4times/month)          800     
Boots (2 barrels x 6 times/month)      2, 400     
Watering Plants (2 barrels x 30 times/month)   12, 000     
Subtotal      18, 000  18 216  
 
Cost savings (18.0m
3
 x12 @ S$2.24/month)       483.84 
 
Total Non-Potable Water Usage Per Year (30,240 + (18,000 x 12)     246,240 246.24  246.24  
 
Total Cost Savings @ S$2.24 Per Year        551.58 
 
Ratio of Non-Potable over Total Water Per Year (246,240 (total non-potable water) /2,246,240 (total water) x 100  = 10.95 % 
 
Source: (Sungei Buloh Wetland et al., 2008) 
 
Note: The waterjet is used for washing off algae formed on boardwalks and concrete walkways. It dispenses 14L of water/ min (i.e. 840L/hr). There are 3 
washings/year, each for 12 hrs (i.e. ½ day) only. Therefore 3 washings/year = [840L x 12] x 3 = 30240L/year (i.e. 30.24m
3
). No administrative and 
maintenance cost is segregated for rainwater harvesting, as the cost is considered insignificant. 
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Figure 5.2: Simple pump and water hose used in harvesting pond water for irrigation  
Source: Site visit at The Chinese Garden (August 2008) 
 
 
 
 
 
Table 5.2: Cost-benefit analysis at The Chinese Garden  
 
                     Particulars   
S$ 
 
S$/month 
Nett savings 
S$/year 
1. Pumps (2 pumps plus hose/ accessories  
     (S$900 each) 
1800  
(2 years life) 
75.00  
    
2. Fuel cost:    
    Petrol per day (8litres @ S$1.90 litre)      S$15.20 /day   
    Average cost per month @24irrigation days  24 x S$15.20/day  364.80  
    Engine oil (5 litre/per month x S$4.50/litre)                                                 22.50  
   387.30  
    
3. Water bill saving (approx. 6 hrs/day):    
Usage:300 litres/minute x 60 minutes  
x 6 hours/day x 2 pumps 
216,000 litres/day   
Based on 24 days of rainwater irrigation 
 x 216m
3
 per day 
5,184 m
3
/month 
(@ S$2.24/m
3
) 
11,612.16  
    
Nett savings [ 3-( 1+2)]        S$11,149.86     S$133,798.32 
    
 
Source: (Jurong Chinese Garden and Tan, 2008) 
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Figure 5.3: Plan showing 2 watering points for irrigation from pond water via water hose for landscape irrigation  
Source: (Jurong Chinese Garden and Tan, 2008) 
JURONG LAKE 
WATERFALL 
PUMP 
 
Watering Point 1 
 
Watering Point 2 
JURONG LAKE 
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Table 5.3: Percentage of non-potable water used in The Chinese Garden  
S/No Usage Potable Non-Potable 
  (per month) (per month) 
1 Water Feature (fountain)  17,004m
3
 
2 Irrigation (24 days/month)     5,184m
3
 
3 General Washing & Cleaning 720m
3
  
4 Toilet Fittings (Includes showering facilities, 
urinal facilities, WC facilities and sinks)  
1,297.35m
3
  
 TOTAL 2,017.35m
3 
(8%) 
22,188m
3
 
(92%) 
 GRAND TOTAL 24,205.35m
3
 
Note: There are basically four main uses of rainwater within the Garden 
Source: (Jurong Chinese Garden and Tan, 2008) 
 
 
 
Table 5.4: Rainwater harvesting system cost at Fort Canning Park  
Particulars Capital outlay 
S$ 
Water saving/year 
 S$ 
Irrigation pump (2 sets) @ S$10,000 20,000 - 
Sprinkler, solenoid valves, PVC mainline pipes,  
valves  & fitting 
24,000 - 
Irrigation tanks (2 sets) (reinforced concrete  
of 25m
3
and 30m
3
 size) 
50,000 - 
Total cost 94,000  
Monthly water consumption  800m
3  
      
Water savings at S$2.24m
3
/year             800m
3
  x 12 x S$2.24/m
3
 
= S$21,504 
 
Source: (Fort Canning Park and Chia, 2008) 
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Fort Canning Park (Case 3) 
Fort Canning Park, with an area of 18ha in the most historic part of Singapore is 
under the management of the National Parks Board (NParks). It utilises RWH for 
irrigation. The rainwater tank is the most expensive item, costing around S$25,000 each 
for the two tanks. The total capital outlay is S$94,000 (Table 5.4). Rainwater is 
collected at a tank sized 25m
3
 at the underground Car Park B and another tank sized 
30m
3
 beneath the fountain for irrigation at Raffles Terrace (Figure 5.4). Both are 
reinforced concrete tanks designed to provide three days of irrigation needs at around 
10m
3
 per day. The RWH at Raffles Terrace and Car Park B recycles 1200m
3
 of water 
per month, 80% (i.e. 960m
3
) of which is used in irrigation and 20% (i.e. 240m
3
) for 
floor-cleaning. The average monthly non-potable water consumption in 2007 was 
800m
3 
(Table 5.4). The annual water savings are about S$20,000 and the capital outlay 
of S$94,000 (would be less at S$50,000 if the pumps & piping costs are excluded as 
part of the RWH system cost) is recouped within five years. 
5.3.2 Larger system for educational institution and other facilities 
Temasek Polytechnic (Case 4) 
Temasek Polytechnic is Singapore‘s first and only higher educational institution 
with a sophisticated RWH system (Figure 5.5). Stormwater is collected from surface 
water drainage systems, rooftop catchments and canals for irrigation and floor washing 
(Chen et al., 2008). The RWH model was specifically conceived, designed, developed 
and implemented to irrigate the 30ha campus. The four underground tanks, each at 
500m
3
, act as primary storage and are designed for two weeks continuous supply of 
2000m
3
 non-potable water, a daily flow rate of about 150m
3
/day. About 8000m
3
 per 
month of non-potable water is used. An additional 2000m
3 
of water supply comes from 
the Fountains. The Astroturf (or hockey field) watering system has a separate storage 
tank. For cost-effectiveness, 1500m
3
 of untreated water is used for irrigation and only 
500m
3
 of water from the fourth underground tank is ozone-treated. Initially, only 
2,000m
3
 of non-potable water per month was used. This has increased to 8,000m
3
 of 
non-potable water per month currently as pipelines were extended to maximize the 
usage of irrigation water. Ozone water treatment, at a capital cost of approximately 
S$80,000 and operating costs of approximately S$240 per month, commenced operation 
in July 2004. The complete RWH system cost S$1.61 million in 1995 (Table 5.5).
Chapter 5                       Economic analysis of rainwater harvesting for non-potable uses 
132 
 
 
Figure 5.4: Layout of 2 rainwater tanks (car-park B and underneath the fountain at Raffles Terrace) for irrigation at Fort Canning Park  
Source: (Fort Canning Park and Chia, 2008) 
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Table 5.5 Breakdown of Temasek Polytechnic RWH system cost of S$1,610,000 
Particulars                 S$ 
  i. Excavation cost to put rainwater tanks underground                               32,000 
 ii. Rainwater tank cost (4 underground tanks)                                       1,110,000 
iii. Equipment cost (pumps)                                                                         75,000 
iv. Pipe works                                                                                           273,000 
 v. Water treatment (ozone equipment cost)                                                 80,000 
vi. Other miscellaneous                                                                                 40,000  
                                                                                                                  S$1, 610,000  
 
Source: (Temasek Polytechnic et al., 2008) 
 
 
 
 
A detailed economic analysis of capital, labour and running costs of RWH 
systems in general was considered (Paciarotti, 2007). Efforts were made to obtain the 
accurate values of what the RWH system would cost if constructed today. The tank, 
underground or above ground, is the most important cost item in RWH. Here, 
reinforced concrete was used and cement cost has increased greatly since construction. 
The concrete holding tank, supplying 8,000m
3
 of water, costs approximately S$1.7 
million today (Table 5.6) instead of S$1.1 million (Table 5.5.). The costs include ozone 
water treatment, pumps and the elaborate piping system, costing S$273,000, which 
waters the Astroturf (i.e. hockey field) and includes the water features of the Fountains. 
Excavation costs were lower at S$32,000 (as soil was removed to another location on 
campus) than the higher estimated S$169,600 if soil had been taken off-site (Table 5.6). 
Other considerations were whether reinforcement and temporary earthwork support 
were required, as excavation might result in subsidence to neighbouring land when the 
soil was removed. It is an open field with no high-rise neighbouring buildings nearby, 
so temporary earthwork support was excluded. Temasek Polytechnic is fortunate that 
construction was in an open field which remains still today. Otherwise, underground 
excavation cost with temporary earthwork support plus transportation to remove earth 
would be very costly. The current estimate excludes temporary earthwork support. 
 
 
Chapter 5                       Economic analysis of rainwater harvesting for non-potable uses 
134 
 
 
 
 
 
  
 
 
 
 
Breeching Inlet 
 
 Direction of flow 
 
          Treated water  
 
           Non-treated water 
 
Figure 5.5: Flow chart showing stormwater supply to/ from underground holding tanks, the 
Astroturf and the Breeching Inlet  
Source: (Temasek Polytechnic et al., 2008).
Tank 1 Tank 2 Tank 3 Tank 4 
 Excess water 
Drain out to tank Make up water 
Fountain 
Untreated water for 
Quick Coupling 
system 
Sump pit tank 
Astroturf storage tank 
Treated water for Triangular 
garden 
 
Fountain 
Treated water from ground 
tank to Astroturf storage 
tank 
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Table 5.6.: Estimated 2008 cost of constructing underground tank at Temasek Polytechnic  
Ref Brief Description       Quantity Unit Rate 
 
Amount 
A Excavation, get out & remove excavated material off site 5655 m3 S$30.00 S$   169,646.40 
          
B Concrete structure  Wall    625    
    Base    646    
    
Roof 
slab     283    
    Roof Beams   63    
    Pump room wall   33    
    Pump room base   25    
    Pump room roof   25    
    Divider wall   64.8    
        1764 m3 S$170.00 S$   299,896.32 
C 
 
Formwork on site 
(moulding )  Wall    2083.2    
    
Roof 
slab    807.84    
    Roof Beam   211.2    
    Pump room wall   109.2    
    Pump room roof   41    
    Divider wall   216    
        3468.44 m2 S$35.00 S$   121,395.40 
D 
 
Rebar ( steel reinforcement 
/or concrete)      441024 kg S$2.00 S$   882,048.00 
E Allow for cat ladder, drain & misc work      S$     50,000.00 
F Backfilling top soil 100mm thick with cow grass 808 m2 S$20.00 S$     16,156.80 
           S$1,539,142.92 
G Preliminaries at 12% of A-F       S$   184,697.15 
  
(management,supervisory, 
elect. housing, etc)         
S$1,723,840.07 
 
                Approximate S$1,800,000.00 
Note: The above estimation excludes: i. M&E work/piping equipment/ pumps etc; ii. Waterproofing, iii. Finishing (tiling/plastering) to tank compartment,  
iv. Temporary earthwork support (assuming 45 degree open cut excavation method is allowed).  
Source: (Woh Hup Construction (Pte) Ltd. and Wong, 2008)
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Table 5.7: Cost-benefit analysis of Temasek irrigation system  
Construction Cost   
 
Construction cost of U/G Tank S$1,176,000.00 (Apr – 95)  
Cost of Irrigation/pump System  S$  434,000.00   
Capital Cost S$1,610,000.00   
Operating Cost    
Electricity cost /yr S$15,000.00   
Maintenance cost /yr S$ 5,000.00   
Annual Operating Cost 20,000.00   
    
Costing                  S$ 
Cost of current PUB water (m
3
) S$2.24     
Capital Cost     -1610000 
 
Consumption of irrigation water (m
3
/month)     5,000.00 FY 96/97   
Annual water saving (5000x2.24x12) – 20,000 S$114400 Year 1 -1495600 
 
Consumption of irrigation water (m
3
/month) 6,000.00 FY 97/98   
Annual water saving (6000x2.24x12) – 20,000 S$141280 Year 2 -1354320 
 
Consumption of irrigation water (m
3
/month) 
                         
                        7,000.00 
              
FY 98/99 
  
Annual water saving (7000x2.24x12) – 20,000 S$168160 Year 3   -1186160 
 
Consumption of irrigation water (m
3
/month) 8,000.00 FY 99/00   
Annual water saving (8000x2.24x12) – 20,000 S$195040 Year 4 -991120 
        
Consumption of irrigation water (m
3
/month) 8,000.00 FY 00/01   
Annual water saving (8000x2.24x12) – 20,000 S$195040 Year 5 -796080 
        
Consumption of irrigation water (m
3
/month) 8,000.00 FY 01/02   
Annual water saving (8000x2.24x12) – 20,000 S$195040 Year 6 -601040 
        
Consumption of irrigation water (m
3
/month) 8,000.00 FY 02/03   
Annual water saving (8000x2.24x12) – 20,000 S$195040 Year 7 -406000 
        
Consumption of irrigation water (m
3
/month) 8,000.00 FY 03/04   
Annual water saving (8000x2.24x12) – 20,000 S$195040 Year 8 -210960 
        
Consumption of irrigation water (m
3
/month) 8,000.00 FY 04/05   
Annual water saving (8000x2.24x12) – 20,000 S$195040 Year 9 -15920 
        
Consumption of irrigation water (m
3
/month) 8,000.00 FY 05/06   
Annual water saving (8000x2.24x12) – 20,000 S$195040 Year 10 179120 
        
Consumption of irrigation water m
3
/month) 8,000.00 FY 06/07   
Annual water saving (8000x2.24x12) – 20,000 S$195040 Year 11 374160 
        
Consumption of irrigation water (m
3
/month) 8,000.00 FY 07/08   
Annual water saving (8000x2.24x12) – 20,000 S$195040 Year 12 569200 
Source: (Temasek Polytechnic et al., 2008) 
 
Note: PUB water cost = {}  + WBF S$0.60=S$2.24  
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Rainwater installation costs are site-specific, whether installed during building 
construction or as a retrofit. Here, cast-in-place concrete tanks were used. Other 
materials which may be cost-effective include: i) pre-cast concrete tanks, for smaller 
sizes (2-12m
3
), where they can be buried; ii) polyethylene tanks for retrofits to existing 
buildings, which must be protected from sunlight; iii) site-assembled durable 
polypropylene-lined galvanized steel tanks, for larger tanks (more than 15m
3
); and iv) 
fibreglass tanks as other possibilities (CRD, 2007). In a private project, where water 
tanks are constructed in underground car parks, the piping and pump costs are excluded 
from the RWH system costs because Singapore‘s building regulations require irrigation 
pipes and pumps to be installed to drain away underground stormwater in the event of 
flooding. The capital outlay of S$1.1million was recovered within ten years as the 
annual water bill saving is around S$200,000 (Table 5.7). The water bill savings would 
be greater if rainwater was also used for toilet flushing. The percentage of rainwater for 
non-potable uses (i.e. irrigation and floor- washing) is about 30% of total water (potable 
and non-potable) usage (Table 5.8).   
 
 
 
Table 5.8: Percentage of water usage at Temask Polytechnic in 2008 
 
Particulars                                                                                                        % 
Average PUB usage:                       11,715m
3
/month x 12 = 140,580m
3
     47.22 
Average NEWater usage:                 5,508m
3
/month x 12 =   66,096m
3
      22.20
   
 
Average non potable water usage:   7,587m
3
/month x 12 =   91,044m
3
      30.58           
Grand total:                                                                           297,720m
3 
    100.00   
Source: (Temasek Polytechnic et al., 2008) 
 
 
 
Changi Airport (Case 5) 
Airport catchments are larger than roof areas and involve harnessing of both 
surface and roof runoff. Prior to May 2008, before the airport expansion and the 
rainwater replacement by recycled water (NEWater), rainwater from South End 
Reservoirs was used for toilet-flushing, fire-fighting drills (one hydrant point at every 
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200m), irrigating plants and floor-washing at all three Terminals (Table 5.9). Rainwater 
was also used for the air-conditioning system in the Cooling Tower (Table 5.12). The 
percentage of rainwater for non-potable uses varies from 16% for Terminal 2 in 2005 to 
65% for Terminal 3 in 2008 (Table 5.10). NEWater cost S$112,000 per month (Table 
5.11) when it replaced rainwater from May 2008 onwards for Terminal 3. The NEWater 
cost at S$1.15/m
3 
(now S$1.00/m
3
) is lower than the municipal water cost at S$1.17/m
3
 
(plus conservation fee, GST and waterborne fee).   
No special RWH piping and pumping costs were incurred as the piping and 
pumps installed would have been used by municipal water, and now by NEWater. The 
treatment plant constructed in 1981, costing S$2,334,103, was for odour removal. The 
materials used for a rainwater tank determine its cost and payback period. Fibre 
reinforced panel (FRP) or stainless steel tanks are used in all three Terminals. Stainless 
steel material is important for drinking water. Terminal 1, and Piers C and D have 
stainless steel tanks, while the sixth storey has FRP tanks; Terminal 2 has FRP tanks 
and Terminal 3 has either stainless steel or FRP tanks (Civil Aviation Authority of 
Singapore et al., 2008). Rainwater for toilet flushing demonstrated significant cost 
savings. The payback period for the water treatment plant (costing S$2.3 million), was 
within three years as the annual water bill saving was approximately S$1 million.  
 
 
 
Table 5.9: Rainwater consumption (m
3
) and water bill savings at Changi Airport  
 
Year 
Terminal 1 
     m
3
 
Cost saving @ 
S$2.24/ m
3
 
S$ 
Terminal 2 
     m
3
 
Cost saving 
@ S$2.24/ m
3
 
S$ 
Terminal 3 
m
3
 
Cost saving 
@S$ 2.24/m
3
 
S$ 
2003 203,280 455,347.20 244,461 547,592.64 - - 
2004 280,528 628,382.72 263,220 589,612.80 - - 
2005 282,033 631,753.92 217,169 486,458.56   
2006 260,554 583,640.96 222,123 497,555.52 - - 
2007 229,069 513,114.56 236,194 529,074.56 - - 
2008* 120,316 269,507.84 132,197 296,121.28 84,649 189,613.76 
 
Source: (Civil Aviation Authority of Singapore et al., 2008) 
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Table 5.10: Percentage of rainwater to total water consumption 
Year Terminal 1 Terminal 2 
 
Terminal 3 
2003 33% Unavailable - 
2004 39% Unavailable - 
2005 38% 16% - 
2006 37% 18% - 
2007 31% 18% - 
2008* 40% 27% 65% 
 
Source: (Civil Aviation Authority of Singapore et al., 2008) 
 
* Note: T3 was operational in 9 Jan 2008 
The figure is from 1
 
Jan to 1
 
May 2008, as NEWater replaces rainwater from 2
 
May 2008. 
 
 
 
Table 5.11: NEWater and potable water consumption 
 
Particulars 
 
Terminal 1 
 
Terminal 2          Terminal 3 
 
Estimated monthly NEWater consumption 52, 073m
3
 54, 080m
3
 67, 122m
3
 
NEWater Bill monthly S$86, 962 S$90, 313 S$112, 093 
Estimated monthly PUB Water consumption 17, 972m
3
 18, 466 m
3
 12, 669m
3
 
PUB water Bill monthly S$37, 128 S$38, 149 S$26, 172 
 
Source: (Civil Aviation Authority of Singapore et al., 2008) 
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Table 5.12: Costs of tanks and pumps at Terminals 1, 2 and 3  
Particulars                                                                                                                          Individual tanks and sizes 
Terminal 1 (operational ‘81) No of pumps Power (kW) Location Size (m3) Cost S$ 
C pier Toilet Flushing Tank 2 1.5 1
st
 Storey 2 x 2 x 3         = 12m
3
 25,000 
D pier Toilet Flushing Tank 2 1.5 Basement 2 x 2 x 2         = 8m
3
 18,000 
C pier Industrial Cooling Tower Tank 2 3 1
st
 Storey 21 x 5 x 3       = 315m
3
 235,000 
D pier Industrial Cooling Tower Tank 2 3 Basement 30 x 10 x 3.5 = 1050m
3
 638,000 
Transfer from D pier to 6
th
 storey 2 30 6
th
 storey 9 x 4 x 2         = 72m
3
 50,000 
Industrial Tank - - 6
th
 storey 9 x 4 x 2         = 72m
3
 50,000 
Irrigation Tank - - 6
th
 storey 2 x 2 x 2         = 8m
3
 8,000 
Note: For 6
th
 storey tanks - no pump, by gravity feed 
  
Particulars                                                        Individual tanks and sizes 
Terminal 2 No. of pumps Power (kW) Location Size (m
3
) Cost S$ 
Tank 1 2 3 5
th
 Storey 6 x 6 x 2      = 72m
3
 Not available 
Tank 2 - - 6
th
 Storey 6 x 5 x 2      = 60m
3
 Not available 
Tank 3 2 3 6
th
 Storey 10 x 10 x 2 = 200m
3
 Not available 
Tank 4 - - 6
th
 Storey 6 x 5 x 2      = 60m
3
 Not available 
Tank 5 2 7.5 5
th
 Storey 8 x 5 x 2      = 80m
3
 Not available 
Tank 6 (NEWater) 5 7.5 Basement 25 x 12 x 3 = 900m
3
 S$450,000 
NEP Tank 2 5.5 1
st
 Storey 9 x 8 x 3      = 216m
3
 S$105,000 
SEP Tank 2 5.5 1
st
 Storey 8 x 8 x 3      = 192m
3
 S$105,000 
Note: Tank 6 cost includes pumps set;  
NEP/SEP pumped to tanks 2,3,4 &5                          
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Particulars                      Individual tanks and sizes 
Terminal 3 No. of pumps Power (kW) Cost Terminal 3 Location Size (m
3
) Cost 
Industrial pump set 1 6 22 S$174,989 Industrial tank 1 Basement 2 8 x 8 x 3     = 192m
3
 S$105,128 
Industrial pump set 2 4 11 S$64,335 Industrial tank 2 Basement 2 8 x 8 x 3     = 192m
3
 S$105,128 
Industrial pump set 3 6 22 S$110,409 Industrial tank 3 Basement 2 8 x 8 x 3     = 192m
3
 S$105,128 
Industrial pump set 4 4 11 S$60,846 Irrigation tank Basement 3 24 x 3 x 25 = 180m
3
 S$239,351 
Irrigation pump set 1 2 22 S$47,681 Irrigation tank 1
st
 Storey 17.5 x 3 x 2.5 = 131.25m
3
 S$159,567 
Irrigation pump set 2 2 18.5 S$49,277     
 
Source: (Civil Aviation Authority of Singapore et al., 2008) 
 
Note: For Terminal 3, pumps and tanks are integrated and interconnected. 
Pumps: 
1+3 = Tank 1 
1+4 = Tank 2 
2+4 = Tank 3  
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5.3.3 Roofwater collection system for high-rise buildings  
City Square Residences (Case 6) 
HDB had successfully carried out an RWH pilot project in 2007 at a HDB block 
in Yishun (HDB, 2007b). However, RWH exists primarily in private high-rise 
condominiums but not in subsidized public housing. Siphonic roof drainage, with 
several advantages over conventional roof drainage, was used in the RWH system at 
City Square Residences (Figure 5.6) (Fastflow, 2008). Singapore Standard SS525:2006 
incorporated the Siphonic Roof Drainage System into the Code of Practice for Drainage 
of Roofs only in 2006 even though it was widely used in Scandinavia. The RWH 
system cost S$200,000 (excluding S$50,000 for piping that is mandatory for draining 
underground floods) with two reinforced concrete rainwater tanks, 25m
3
 capacity each 
that have an effective capacity of 23.75m
3
 (i.e. 95% coefficient), installed in the 
underground car-parks (Table 5.13).  The capital outlay is recoverable within six years 
as the annual water bill saving is S$32,704 (40m
3
 x 365 days x S$2.24/m
3
), with 
irrigation needs per day of 40m
3 
(City Development Limited et al., 2008).  
 
 
 
Table 5.13: Rainwater harvesting system cost at City Square Residences  
Particulars       S$ 
i.  Reinforced concrete tank (cast on site) with waterproofing, access doors, cat 
ladders, and strainers (including excavation cost) 
   65,000 
ii. 1 siphonic pipe (UPVC, diameter 2‖-3‖), including siphonic outlets, pipework, 
support, etc., collects rainwater from roof of 3 blocks 
   25,000 
iii. 1 irrigation pipe to landscape areas with bib tapes, valves, etc.    10,000 
iv. 1 complete set of pumps, filters, control panels and all necessary electrical  
works and accessories 
 
   25,000 
 
Subtotal  125,000  
                                                       Total: 2 RWH systems =   S$250,000 
 
Source: (City Development Limited et al., 2008) 
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Figure 5.6: Rainwater harvesting system at City Square Residences  
Source: (City Development Limited et al., 2008) 
 
Note: Rainwater harvesting system is growing in popularity in private high-rise developments 
where siphonic roof drainage is used to drain rainwater to the storage tank.  
 
 
 
5.4 Discussion  
From the 6 case studies analysed in Singapore, using the payback methodology, 
RWH and utilisation for non-potable use has been shown to be very cost-effective. 
Table 5.14 show that cost-benefit analysis of irrigation alone demonstrated that RWH 
for non potable use is beneficial. Current research found RWH and utilization in 
Singapore is mainly in the private residential and commercial buildings, educational 
institutions and airport terminals where storm runoff is used mainly for irrigation except 
Changi Airport where it was for toilet flushing until it was replaced by NEWater. No 
data on RWH are available from municipal buildings and HDB public housing as none 
of them practiced roof RWH. Roof RWH has been planned for the Cooling Tower at 
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Ngee Ann Polytechnic for the air-conditioners (Ngee Ann Polytechnic and Saed, 2008). 
This study  
proposes roof RWH for HDB flats as they house more than 80% of Singapore 
population. Significant potable water savings will result if RWH is used for toilet-
flushing and other non-potable uses. RWH is proposed for the new HDB developments, 
as HDB did not think it is feasible or practicable to retrofit the existing HDB blocks if 
they do implement RWH one day.  
To encourage RWH to be widely adopted in Singapore, as discussed in Chapter 
2, a legislative and non-regulatory framework supporting it is necessary. A pro RWH 
policy, building code, fiscal and financial incentives are required. The policy making 
needs inputs consideration from the cultural, social, environmental and economic sides, 
ideally from the grass root communities, the water users. If limited or financial support 
is forthcoming from local governments, unlike financial assistance given by the local 
Japanese governments, water users should be informed and motivated enough to 
commit their own share of the cost and labour for the construction and operation of their 
RWH systems. RWH for toilet flushing and irrigation is just beginning to take hold in 
urban areas of the U.S. (Moddemeyer, 2004). Cost of potable water in the U.S. is not a 
driver compared to cost for conveying and treating storm and sewer flows. Like the 
U.S., innovative architects, engineers, property owners and developers in Singapore are 
beginning to include RWH in building proposals. Sustainable building advocates in the 
U.S. drive demands by including RWH in green building rating systems such as LEED, 
and in Japan the CASBEE (Comprehensive Assessment System for Building 
Environmental Efficiency). In Singapore it is the BCA Green Mark Scheme where the 
Gold and Platinum Awards are vied for annually. 
In Australia, the states such as Victoria and New South Wales have introduced 
legislation to mandate new standards of water efficiency ratings, where all new homes 
are to be fitted with rainwater tanks to supply the water required for toilet flushing, 
laundry and garden use. Victoria, South Australia, Australia Capital Territory, Tasmania 
and Western Australia offer strong incentives for rainwater tanks, and many local 
councils in Brisbane and the Gold Coast offer rebates to people who install RWH 
systems.   
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Table 5.14: The payback period in RWH for non-potable use 
 
Particulars  Qty used p.a.  Capital outlay  Savings p.a.  Payback  
Sungei Buloh Wetalnd (Simple rainwater collection system)  240m
3 
 Waterjet: S$2700  S$500  ~ 5-6 yrs  
The Chinese Garden (Simple rainwater collection system)  5,000m
3
 x 12  Hose+pumps: S$1800  S$130,000  ~ 1 mth  
Fort Canning Park (Simple rainwater collection system) 800m
3 
x 12 Tanks+pumps+pipes:S$94,000 S$21,500 ~5 yrs 
Temasek Polytechnic (Larger system: edu. Institutions, etc.)  8,000m
3
 x 12  Tanks+pumps+pipes: S$1.6M  S$180,000  ~ 10 yrs  
Changi Airport (Larger system: edu institutions, airports etc.)  ~500,000m
3
  Treatment plant: S$2.3M  ~S$1M  ~ 3 yrs  
City Sq. Residences (Rainwater collection system high-rise bldg.)  40m
3
 x 365days  Tanks+pumps+pipes: S$200,000  S$33,000  ~ 6 yrs  
 
Source: Compiled from data received from Sungei Buloh Wetland Reserve, The Chinese Garden, Temasek Polytechnic, CAAS and City Development 
Limited (2008) 
 
Note: Rainwater at Changi Airport was primarily used in toilet flushing in the 3 Terminals, while the other 5 cases are used mainly in landscape irrigation and 
 
floor washing.
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The slow adoption of the RWH system is partly due to uncertainty surrounding 
its hydraulic and financial performances (Roebuck and Ashley, 2006). By installing the 
RWH system, Singapore can achieve both water conservation and flood control. From a 
financial perspective, the installation and maintenance costs of an RWH system for non-
potable water may not compete with water supplied by a centralized utility. However, 
where there is a very large catchment surface of big commercial buildings, the volume 
of rainwater, when captured and stored, can cost-effectively serve several end uses, such 
as landscape irrigation and toilet-flushing, as at Changi Airport.  
 
5.5 Conclusions 
The selected 6 case studies clearly demonstrated that RWH can be cost-effective 
where rainwater is used for non-potable use. From a simple RWH system at The 
Chinese Garden, where no rainwater tank was used, to a complex, sophisticated RWH 
system at Changi Airport, significant water bill savings were achieved when drinking 
water was replaced by rainwater for irrigation and toilet-flushing. The potable water 
cost saving was approximately S$130,000 a year at The Chinese Garden and not less 
than S$1 million a year from the three terminals at Changi Airport. All 6 case studies 
demonstrated that initial capital outlay could be recouped easily, as quickly as within 1 
week in the case of The Chinese Garden to within 10 years as in the case of Temasek 
Polytechnic.  
RWH is a part of decentralized strategy. This decentralized approach has the 
cost advantage of avoiding the costs of conveyance, which can be considerable. 
Decentralized systems engage the property owner to participate in the provision of 
utility services, as a RWH cistern is like a private watershed. And this engagement can 
have additional merits in spreading the acts of stewardship and resource conservation 
which Singapore encourages its citizen in keeping the waterways clean. It is synthesized 
that if Singapore has technical guidelines, mandatory building code, fiscal and financial 
incentives, continuous awareness and education of its citizens on environmental 
sustainability, property owners are more likely to want to install rainwater tanks when 
they are convinced that there is a substantial cost saving to be made. If green buildings 
with water efficiency and energy savings features take off, then there are few reasons 
why RWH systems should not be implemented as a matter of course where they make 
economic and operational sense.   
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6.1 Introduction 
The broad definition of sustainable development proposed by the World 
Commission on Environment and Development (1997) in Our Common Future (The 
Brundtland Report) seems most appropriate: 
“Development that meets the needs of the present generation without 
compromising the ability of future generations to meet their own needs.” 
The concept of sustainability affects the basis of how we live. Evolution of current 
technologies is seen to lead to greater efficiency in energy use, while others see 
sustainability requires fundamentally different solutions and technologies. The three 
―pillars‖ of sustainability are environmental, economic, and social and it is necessary for 
all of them to be sustainable in order for the system as a whole to be sustainable (Figure 
6.1). Water cycle sustainability requires significant changes for both industry and 
commercial and residential consumers alike. A new partnership incorporating novel and 
radical changes in water use and management is needed.  
 
 
 
 
Figure 6.1: The 3 pillars of sustainability 
 
 
 
 
Rising population and limited water supplies have necessitated the need to 
develop alternative water resources. The centralized water supply paradigm seems 
unsustainable in some aspects, and this may become more pronounced with the looming 
climate changes. When the entire water demands of the urban cities is treated to 
Chapter 6                                                  Sustainability analysis of roofwater harvesting 
 
149 
 
stringent drinking water standard with high energy consumption, despite a low 
percentage being used for drinking and cooking, this kind of strategy for planning and 
development of urban water systems with high carbon footprint is questionable (Weber, 
2002). As an alternative paradigm, RWH as an additional (top-up) resource is more 
sustainable with the concept based on flexibility and responsiveness associated with 
decentralization of the complex water distribution and operations. Decentralization is a 
serious alternative to centralised water systems as it has environmental, social and 
economic benefits (Maher and Lustig, 2003). Although there are new problems to be 
dealt with, the combination of technical, social and regulatory factors that once 
influenced the popularity of centralised systems has altered. RWH is becoming an 
important part of the urban water cycle. Like all other water resources, RWH as an 
additional supplementary (or complementary) decentralized system could now be 
considered a viable option. Depending on local environmental conditions, RWH may 
provide a supplementary supply, an alternative supply or the only feasible improved 
supply, especially in urban areas. RWH technology is low cost, highly decentralized and 
empowers individuals and communities to manage their water. For sustainable use of 
water resources, it is critical that RWH is included as an additional water source like 
that of ground and surface water. The biggest challenge in using RWH is that it is not 
included in the water policies of many countries (UNEP et al., 2009). Introducing RWH 
in a country‘s policy often starts with a technology overview followed by an 
information campaign about the new concepts, technologies and good practices. When 
it is found acceptable an ordinance is usually passed requiring all building constructions 
to include RWH facilities. To promote urban water harvesting, a policy should include a 
mix of incentives and penalties. 
 
6.2 Rainwater harvesting system  
Many modern technological water systems are high in cost. The cost of RWH 
depends on the type of technology adopted and varies in various parts of the world. It 
invariably is lower in costs than the alternatives. The appropriate technology used in 
RWH system is vital for its success in sustainable use (Fok, 2001). The RWH system, 
depending on how it is defined, can be sub-classified to be considered as an 
intermediate technology, appropriate technology or retrogressive technology (Reid, 
1982). If cisterns are used it is retrogressive technology because this has been in use 
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since 2000 B.C. in the Middle East (Reid, 1982). The range of RWH systems varies and 
they are adaptable. The applicable RWH technology, applied as required by the 
environment and dependent on affordability, is a function of socioeconomic conditions. 
This Chapter looks at the effects of reduction in potable water in the water cycle of a 
high-rise building from the perspective of an ecologically sustainable development 
based on RWH. The techniques and approaches discussed in this Chapter are readily 
applicable to detached house, duplexes, townhouse, subdivisions and suburbs through to 
cities. The importance is not so much the making of significant water savings in a high-
rise building, but rather, in making cost savings on the design of larger residential 
estates, subdivisions and so on. Singapore, an urban city in a highly-technological 
developed country, is the selected case for rooftop RWH study under the three ―pillars‖ 
of sustainability – economic, environmental and social. It is selected in order to 
demonstrate that even in such a high technology environment there is room for the 
introduction of RWH to complement the existing system and to enhance its long term 
sustainability. 
6.2.1 Environmental sustainability 
Among the alternative technologies to augment freshwater resources, RWH is a 
decentralised, environmentally sound solution as it reduces the environmental problems 
often caused in conventional large-scale projects using centralised approaches (UNEP-
IETC, 2002). The environmental benefits of RWH are that rainwater used for non-
potable uses reduces the pressure on mains water supplies and the need for heavy 
investment in existing aging mains water infrastructure network. Rapid urbanization of 
cities has resulted in concrete and paved asphalt roads, causing urban floods. These tend 
to disrupt the natural hydrological cycle, and reduce the amount of rainwater permeating 
underground (Murase, 2003). The RWH reduces stormwater runoff which mitigates 
urban flooding and water shortages in cities. It reduces the amount of wastewater being 
treated, energy to pump stormwater and send it through the sewer system together with 
wastewater (in combined systems). To return more rainwater to the natural cycle, the 
environment policy of the German city of Freiburg calls for a reduction in energy use, 
water and raw materials. The city‘s drainage bylaws were amended to prevent more 
rainwater being run off a property after construction than before construction (Koenig, 
2007). This practice is now promoted in a number of Japanese cities with multiple 
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objectives, including mitigation of water shortage in summer, prevention of sewage 
flooding caused by heavy rain and reservation of fire-fighting water, etc (UNEP, 2004). 
Sumida City in Japan is an example where rainwater utilization is promoted. It 
has promoted rainwater utilization for the last 21 years in collaboration with its citizens 
(Murase, 2003). To date, 300 rainwater tanks (large and small scale) have been installed 
in public and private facilities, achieving a total rainwater reservoir capacity of 9,000m
3
. 
Over a two year period beginning in 1993, Sumida City has carried out an analysis of 
the effectiveness of the spread in Sumida City that it would be able to provide all 
citizens with 11 litres of water per day. In 1995 the city implemented the ―Rainwater 
Utilization Promotion Guidelines‖ as follows: i) how rainwater utilization systems 
should be installed in the future construction of city facilities, ii) how the developer 
should be directed and encouraged to use rainwater for large scale development, and iii) 
how rainwater tank facilities for citizens should be subsidized. Thus far, 180 rainwater 
tanks have received subsidies and have been set up. There are 64 buildings where 
rainwater is used for flushing toilets, cooling air conditioners and watering plants. The 
combined holding volume of facilities using rainwater is now about 10,000m
3
 and 
rainwater mini dams are gradually spreading through the city.  
In Korea, RWH is believed a type of sustainable infrastructure and a sustainable 
technology. Rainwater, as the main source of water, is managed on a decentralized 
basis, to control water near its source. RWH is also used for other benefits such as flood 
control, disaster prevention, energy saving, and pollution prevention (Han, 2007). The 
sewer system designed for a certain return period of rainfall is vulnerable in heavier 
rainfall. In Korea, rainwater tanks are designed using the Rainwater Storage Drain 
model to increase the capacity of existing sewer system without reconstruction of the 
sewer system. For example, a sewer system designed for a five year return period can be 
adapted to a hundred year return period rainfall by installing a rainwater tank with the 
size of 9.8m
3
/100m
2
 for the rainfall events in Seoul, Korea (Figure 6.2)(Han, 2009b).  
With this new paradigm, Korean traditional concept of rainwater management is 
revived to collect rainwater to harmonise with nature using less energy. The Rain city 
concept for sustainability of urban water infrastructure is also revived for climate 
change adaptation and harmony with the nature (Han, 2009b), and use information 
technology (IT) and new material for preparation of climate change. With this new 
paradigm, various activities are suggested with the involvement of different 
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Figure 6.2: Rainwater tank designed to increase sewer capacity  
Source: (Han, 2009b) 
 
 
 
stakeholders: research and technology, developing theoretical background and 
supporting materials for decision makers, education and public awareness and 
constructing a worldwide network. Unlike Japan, Korea, and Germany, RWH practice 
in Singapore is limited to private high rise condominium buildings on a small scale, 
used primarily in irrigation than for mitigating flood control.  
6.2.2 Economic sustainability 
The application of appropriate RWH technology is important for rainwater 
utilisation as a water resource and for its success in sustainable use (Fok, 2001). The 
most cost-effective RWH applications is for outdoor, non-potable uses and indoor uses, 
such as toilet flushing in areas served by mains water supply system (CRD, 2007). In 
this research, the RWH system cost, operating and maintenance cost, and energy use are 
studied for their sustainability in comparison to the centralised mains water supply 
system. In a RWH system where the rainwater is collected at the roof and supplied by 
gravity, the most important cost item is the rainwater tank. The costs may be reduced 
further if tanks are eliminated altogether. In Singapore‘s Jurong Chinese Gardens, 100% 
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of the irrigation needs are met by pond water. In this case the most expensive capital 
outlay is the cost of two suction pumps, run by petrol, totalled at S$1800 in which the 
cost is recouped less than a week as net annual water savings is approximately 
S$130,000 with about 5,000m
3
 per month of rainwater used (Table 5.2, Chapter 5). In 
this sustainability study, a Singapore high-rise public housing HDB block is selected for 
case study. Conventional piping, not symphonic drainage as in private buildings, is used 
in roof drainage.  
6.2.2.1 Piping cost 
In the case analysed in this study, three scenarios (Figures 6.3, 6.4 and 6.5) are 
used to illustrate piping system cost used in RWH. The piping system cost of scenario 1 
(Figure 6.3) with rooftop rainwater tank is used to illustrate the estimated cost, which 
includes the riser plus down-feed pipe. Based on the same time series earlier, from 1998 
to 2006, where only maximum daily rainfall (24 hourly rainfall data) in each year is 
used for sizing the tank, the tank size ranges from 83.11m
3
 to 229.07m
3
 (Table 4.7, 
section 4.4.2 in chapter 4). The procedure of optimum sizing of rainwater tank is 
discussed in the sensitivity analysis also in Chapter 4. The maximum rainwater tank size 
(rounded to 220m
3
) to capture rainwater is used. The tank size includes the reserve of 
5% daily water volume required as mains water backup when there is insufficient 
rainwater in the tank. Where excess rainfall amount exceeds the tank size, there would 
be overflow from the storage tank. The mains water tank is situated higher than the roof 
rainwater tank. A booster system is installed for the top two floors for lack of water 
pressure, where water flows by gravity.  
In scenario 1 (Figure 6.3), the principal rainwater tank (maximum 220m
3
) is 
installed on rooftop where water flows down by gravity to each housing unit for toilet 
flushing. There is a small overflow, for example a 40m
3
, ground tank to catch rainwater 
overflow for irrigation. Scenario 1‘s merits are: i) two tanks collect more rainwater, ii) 
there is no transfer pump (for pumping water up) and riser pipe. The demerits are: i) the 
rooftop tank (maximum volume 220m
3
) results in heavier loading, hence is costly as 
greater structural and foundational support are needed, and ii) there is a separate set of 
pumps for irrigation. In scenario 2 (Figure 6.4), the principal rainwater collection tank 
(maximum 220m
3
) is on the ground. The rooftop (buffer) tank, for example, is 40m
3
.  
Rainwater is pumped to the rooftop (buffer) tank by a fixed speed pump. Rainwater 
flows down by gravity to each housing unit. The same booster system is needed for top 
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two floors. Scenario 2‘s merit is: i) there is no heavy loading on the building as the 
principal rainwater collection tank is on ground level. The demerits are: i) there is 1 set 
of riser pipes plus a transfer pump, and ii) a separate set of pumps for irrigation. In 
scenario 3 (Figure 6.5), the principal rainwater collection tank (maximum 220m
3
) is at 
ground level with the small buffer, for example a 40m
3
 tank at rooftop. There is direct 
boosting by variable frequency drive (VFD) pumping simultaneously to all floors up to 
the rooftop. Scenario 3‘s merits are: i) there is no rooftop boosting for the top two 
floors, ii) the same pump used for irrigation, and iii) there is same 1 set of riser pipes. 
The demerits are: i) there is no rooftop boosting for the top two floors when there is no 
rainwater, ii) more pressure reducing valves  (PRV) are needed because of direct 
boosting. In private high rise buildings, roof drainage is by siphonic, and not 
conventional, piping to the rainwater tanks at ground level or underground level in 
basement car parks.  
Over 80% of Singapore‘s population live in public high-rise HDB flats, varying 
from at least 10-storey to 30-storey high. Providing domestic water to the upper floors is 
a fundamental requirement and a challenge in high-rise building. Many parameters are 
considered: the building‘s height, available municipal water pressure, pressure 
requirements at the upper floor and also throughout the building, flow demand, booster 
pump capacity and control, pipe and valve materials, riser locations, pressure zones, 
pressure-regulating stations, water heater storage capacity and recovery, water heater 
locations, domestic hot water circulation or pipe temperature maintenance, space 
requirements in the building, economics, energy efficiency and acoustics (Beveridge, 
2007). The overall design solution must address the technical, physical, and economic 
aspects of the project, and compliance requirements with the local codes. For the 
analysis of RWH introduction, technical input regarding booster pumping equipment 
options and costs, domestic water heater equipment options and costs were obtained 
from a local manufacturer‘s representative. The estimated piping system cost of a 10-
storey (Lai and Yeo, 2008a)(Figure 6.6, Table 6.1) and 30-storey HDB flat (Lai and 
Yeo, 2008b)(Figure 6.6, Table 6.2) were selected. Input on the construction costs 
associated with various piping options was also obtained from the same local 
manufacturer‘s representative and an engineer from Singapore‘s national Water 
Agency. 
The information on water pressures, established for all points in the domestic 
(cold and hot) water systems, had to be obtained (Beveridge, 2007). This was provided 
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by a local contractor and an engineer in Singapore national Water Agency. Several 
technical compatibility conditions have to be met. The maximum water pressure 
information is necessary. It determines whether PRV are required for lower levels of the 
high-rise project served directly by municipal pressure. Minimum water pressure 
information is necessary for sizing the domestic water booster pumps to serve the upper 
levels of the building (Tables 6.1 and 6.2).  The second requirement is to determine 
pressure losses from the municipal water connection to the building‘s water supply 
system booster pumps, including premise isolation back flow prevention devices, water 
meters, strainers, valves and pipe losses. The residual water pressure required at the 
plumbing fixtures in the upper levels of the project is to be established. Plumbing code 
restrictions generally state the minimum and limit the maximum water pressure at a 
fixture. The static pressure must also be determined. The last element that needs to be 
calculated is the friction loss that results from water flowing through the piping system, 
which is a function of pipe length, pipe diameter, velocity, volumetric flow, pipe 
material roughness, coefficient and viscosity.  
 
 
 
Table 6.1: Estimated pipe-fitting cost of a 10-storey HDB slab-block  
Item Description     Unit        Qty        Unit Price     Total Price 
                                                                                                                 S$                S$ 
A  Booster Pump + motor (1 duty 1 standby)        Set             2          2,000          4,000.00  
     sump pump for irrigation                      Set             1          1,500          1,500.00 
B  Valves                                                                Lot            1             800             800.00 
C   Panel + cabling + instrument              Lot            1          5,000          5,000.00 
D  Pipe work (SS304):  
     Distribution pipe + branch pipe + fitting + PRV                                          125,800.00  
-------------------------------------------------------------------------------------------------------------
        Sub - total           S$137,100.00 
E  Installation (30% of Sub-total)                         Lot           1                             41,130.00  
                                                                                           Grand Total         S$178,230.00 
Source: (Lai and Yeo, 2008a)  
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Figures 6.3, 6.4, 6.5 are examples of RWH based on a high-rise building. Based 
on the present estimation provided by a local Singapore contractor, the piping costs of a 
10-storey and 30-storey HDB flat are around S$178,000 (Table 6.1) and S$495,000 
(Table 6.2) respectively with around 700 persons (Figure 6.6) and 2100 persons (also 
Figure 6.6) living in the respective 10-storey and 30-storey buildings. A RWH piping 
system is a point source or near water source compared to a mains water supply system 
which is complex. Singapore‘s centralized mains water supply network is 5,100km of 
pipelines island-wide (PUB, 2008a). It is the transmission and distribution network for 
dispatch of treated drinking water from various sources. Unlike the RWH system, the 
capital outlay of the mains water supply networks is costly, as they have to be 
continuously maintained and constantly checked for unaccounted-for water leaks. For a 
10 year period of 1983-1993 alone, based on data availability, the replacement of mains 
and connections cost of a centralised system was at S$56 million (Table 6.3).  
 
 
 
Table 6.2: Estimated pipe-fitting cost of a 30-storey HDB slab-block  
Item Description     Unit          Qty      Unit Price   Total Price 
                                                                                           S$             S$ 
A Booster Pump + motor (1 duty 1 standby)        Set             2         2,000         4,000.00  
    sump pump for irrigation          Set            1         1,500         1,500.00 
B Valves                                                     Lot           2            800         1,600.00 
C Panel + cabling + instrument              Lot           1         5,000         5,000.00 
D Pipe work (SS304):  
    Distribution pipe + branch pipe + fitting + PRV                                         369,140.00 
-------------------------------------------------------------------------------------------------------------
                    sub – Total           381,240.00 
E  Installation (30% of Sub-total)                          Lot           1                       114,380.00 
                                                                                           Grand Total      S$495,620.00 
Source: (Lai and Yeo, 2008b) 
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Table 6.3: Replacement of mains and connections (19983-1993) 
Area Period 
Replacement of unlined water 
mains 
Replacement of unlined 
galvanized iron connections 
  
Length 
(km) 
Cost 
(million S$) 
Numbers 
 
      Cost 
(million S$) 
Western 19831985) 97 14.2 46,000 13.8 
Eastern 19831989)     
Central 19901993 84 14.9 22,400 13.1 
 
Total 
  
180.6 
 
 
           29.1 
 
 
67,400 
 
 
        26.9 
 
Source: (PUB, 2008c) 
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Figure 6.3: Rooftop rainwater tank for toilet flushing and ground overflow tank  
Note: This is for toilet flushing and irrigation in a 10 storey HDB Flat. 
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Figure 6.4: Ground rainwater tank (with fixed speed pump) and roof buffer tank  
Note: This is for toilet flushing and irrigation in a 10 storey HDB flat 
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Figure 6.5: Ground rainwater tank (with direct boosting by VFD pump) and roof buffer tank  
Note: This is for toilet flushing and irrigation in a 10 storey HDB flat. 
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Figure 6.6: Schematic piping plan of a 10-storey (and 30 storey) HDB slab-block flat  
Source: (Lai and Yeo, 2008a) 
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Assumption (10-storey)         
1. Case 1- Rainwater tank (below the roof-scenario 1) capacity = 220m3 (Gravity 
flow)   
2 Booster pumps (1 duty 1 standby) for top two floors    
1 sump pump for irrigation from buffer rainwater overflow tank  
No riser pipe and transfer pumps      
2. Each floor consists of 12 units, 6 units one side 
3. Assume average 1 unit~5.8 people, total about 70 persons on each of 10 floors  
4. Total 4 nos. of PRV  
Water Consumption 
1. Assume 25% of water consumption for non-potable use e.g. toilet flushing, etc.  
(per person) 
2. 158 litre/day – person x 25% ~ 40 litre/day – person  
3.  Total capacity requires 40 x700 person = 28,000 litre/day = 28m
3
/day         
4.  Capacity for last two floors = 40 litre/day x 2 floor x12 units x 5.8 persons = 
5568 litre/day = 5.6m
3
/day =0.2m
3
/day/unit  
5.  Booster Pump capacity selected = 1.8 m
3
/hr = 30 litre/min 
6.  Booster Pump head = 15m 
7. For higher block, pump capacity and head shall be re-worked out but cost                     
  impact not significant as compared to pipe-work    
          
Note: Water consumption for 365 days at 28 m
3
/day = 10,220 m
3
/yr. at S$2.24/m
3
  
= S$22,892.80/yr (water bill saving if using rainwater). 
Therefore, payback period (piping) = 178,230/22,892 ~ within 7-8 years 
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Assumption (30-storey)   
1. Case 2 - Rainwater tank (below the roof-scenario 1) capacity  =  220m3 (gravity 
flow) 
2 Booster pumps (1 duty 1 standby) for top two floors    
1 sump pump for irrigation from buffer rainwater overflow tank  
No riser pipe and transfer pumps   
2. Each floor consists of 12 units, 6 units one side  
3. Assume 1 unit~5.8 persons, total ~2100 persons (30 storey x 12 x 5.8)        
4. 1 pressure reducing valve (PRV) each for 1st to 24th floor that is more  than 15m 
below the treated rainwater tank         
5. Total 24 numbers of PRV  
6. Price does not include:  
a. Bottom rainwater overflow storage tank  
b. Top treated rainwater tank and treatment cost 
c. Installation and maintenance cost for item 6a and 6b. 
Water Consumption  
1. Assume 25% of water consumption for non-potable use e.g. toilet flushing, etc. 
(per person) 
2. 158 litre/day – person x 25% ~ 40 litre/day  
3. Total capacity requires 40 x 2100 persons  = 84,000 litre/day = 84m3/day 
4. Capacity for last two floors = 40 litre/day x 2 floor x12 units x 5.8 person = 
5568 litre/day = 5.6m
3
/day = 0.2m
3
/day/unit   
5. Booster Pump capacity selected = 1.8m3/hr = 30 litre/min 
6. Booster Pump head = 15m 
7. For higher block, pump capacity and head is re-worked out but cost impact not 
significant as compared to pipe-work                
Note: Water consumption for 365 days at 84 m
3
/day = 30,660m
3
/yr at $2.24/m
3
  
= $68,678.40/yr (water bill saving if using rainwater)    
  Therefore, payback period (piping) = 495, 620/68, 678 ~ within 7 years 
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6.2.2.2 Operating and maintenance cost 
There is an important relationship between maintenance, construction and 
design of the RWH system. The initial implementation period requires the most active 
involvement of the resident subscribers. Well designed, constructed and established roof 
RWH systems require some maintenance, but low maintenance – the tasks are much 
fewer and not physically demanding. In a simple roof RWH system, there is expected to 
be no (or very low) operating and maintenance cost. Maintenance involves little more 
than just ‗routine maintenance‘. Distribution in RWH system is at source or near source. 
Thus, there is no continuous maintenance and repairs work to pipeline leakage (Table 
6.3). Unlike the centralized mains water supply system, rooftop RWH system has no 
complex pollutant control (i.e. faecal coliform, nutrients, silt, industrial pollutants and 
litter), water quality management, pumping stations, waterworks, service reservoirs 
which act as temporary storage before raw water is piped to the households. In some 
cases there is no treatment  
6.2.2.3 Energy efficiency  
 For non-potable use rainwater does not need costly water treatment (filters and 
chlorination may be needed to rid birds‘ droppings, particulates or leaves at rooftop) 
before non-potable use. Hence there is significant energy cost saving as fossil fuels are 
not or little used (Figure  6.7) (Han, 2009b). With centralised water supply system and 
waterborne fees payable for wastewater discharged to the sewers, most of the resources 
to collect, treat and deliver the water (or wastewater) come from fossil fuels‘ related 
energy costs. Around 80 to 90% of the cost of centralised sewerage is for transportation, 
with only 10 to 20% being for the actual treatment (Maher and Lustig, 2003). With 
decentralised on-site roofwater, there are minimal transportation costs and the main 
energy for treatment comes from the sun. In most cases rainwater tanks fill without any 
pumping. Also there is no need to pump the water many kilometres away. The energy 
cost of pumping rainwater (kWh) up the high-rise HDB block is based on data that the 
Town Councils gave of that HDB block. This includes the PUB monthly potable water 
bills paid by the Town Councils. The PUB water bills show the amount of potable water 
used to clean the common corridors, garbage chutes and elevators of the HDB block by 
contractors engaged by the Town Councils.  
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Long mileage vs. short mileage!               Unit: kWh 
 
 
Energy consumption in transmission   
 
Figure 6.7: Lower energy cost in harvested rainwater than centralised mains water system. 
Source: (Han, 2009b) 
 
 
 
 
The frequency of cleaning these common areas varies from once to twice a week 
in each HDB Town, as the jobs are subcontracted out to cleaners by the Town Councils 
managing these HDB Towns. These water charges are maintenance fees paid by HDB 
occupants to respective Town Councils to keep common areas clean. For simplicity, the 
PUB 12 months potable water bills (for non-potable use such as floor cleaning and 
washing) of the blocks are averaged to arrive at the average water consumption (m
3
) for 
the block. Each occupant‘s water consumption per capita for toilet flushing (16% of 158 
litres/day = 0.0.253)  (Figure 4.19 of Chapter 4) plus the average monthly PUB water 
consumption for other non-potable use made up the equivalent 25% of 158 litres water 
consumption per capita per person/day. This is the total volume of water (m
3
) to be 
pumped up the building when all occupants‘ water consumption for non-potable use of 
each block is added up. This is a conservative figure. The second option is to add 
separately PUB water consumption volume at 25% of 158 litres water consumption per 
capita, where the volume of water pumped up the building is bigger.  
The energy cost is expressed as: Power (kW) x duration (hour) x unit cost  
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In the hydraulic field, where the energy is provided by a pump, the pumping head is 
expressed in height of water column. The value of electrical power is defined as 
follows: 
P =  

gqh
 
with  
 P = power transmitted to the fluid by the pump in Watt (kW) 
 q = capacity (or discharge –flow) of pumping unit (in m3/s) 
 ρ = 1,000kg/m3 (density of the fluid in kg/m3) 
 h = differential head in meter of water (m) 
 g = 9.81 m/s
2
(gravitational acceleration) 
 η = 0.75 (pump efficiency) 
In this example, Block 101 of Potong Pasir Town (Table 6.5) the assumption is that:  
1) 3Room flat  => used by 4 persons, 4Room => 4 persons, 5Room => 6 persons, 
Executive => 6 persons, HUDC => 6 persons to arrive at total occupants per block;   
2) Height of 1 storey = 3m. Block 101 is 16-storey high, therefore height is 16*3 = 48m 
3) Average PUB monthly water consumption = 40m
3
(based on PUB water bill)      
4) Unit cost of electricity = S$0.21/kWh 
5) Pump efficiency (η) = 0.75 
To illustrate, Block 101 of Potong Pasir Town is made up of: 
i. No. of occupants = 120 units-3Room units* 4 = 480 persons  
ii. PUB monthly water bill = 40m3 
iii. q = water volume (m3) per month = [(480*0.16*158 litres*365) + 
(40*12)]/12 (per month) = 409.38m
3
/per month 
iv. h =16*3= 48m 
v. η = 0.75 
In this case, the power P = 
75.0
48*38.409*81.9*1000
(kW) 
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Energy = P*Time = 
24*30*60*60*75.0
48*38.409*81.9*1000
(kWh) 
Pumping is by variable frequency drive (assumed). The energy cost is thus:  
24*30*60*60*75.0
48*38.409*81.9*1000
x unit cost = [99.161 (kWh)* S$0.21](per month) 
= S$20.82 per month (Table 6.5).  
Add up all 61 blocks in Potong Pasir Town, the energy cost per person:                           
  S$1170.34/ 27,826 occupants = S$0.04/person.  
The energy cost/m
3 
= S$1170.34/23, 813.27 = S$0.05/m
3
 
In Singapore roof RWH is mainly for non-potable use in urban irrigation, floor 
cleaning, car-washing and miscellaneous. It is energy efficient and sustainable as little 
or no fossil fuel based energy is used. There are 16 Town Councils                                                  
managing 23 HDB Towns and 3 Estates (Table 4.2, Chapter 4), which comprised about 
82% (i.e. 2,961,700 in 2006) and 81% (i.e. 2,980,600 in 2007) of Singapore population 
respectively (Figures 4.15 and 4.16, Chapter 4)(HDB, 2006, HDB, 2007a). The energy 
cost of pumping rainwater (kWh* unit price) in RWH, up the high rise HDB blocks was 
based on data available from the Town Councils. The HDB blocks summarised in Table 
6.4 below were given by 2 Towns Councils: i) Hougang (population 172,000 in 2007), 
and ii) Jurong (population 313,500 in 2007).  
The monthly average energy cost of pumping water up the building is around 
S$0.03/m
3
 to S$0.05/m
3 
(for Potong Pasir, Jurong (Bukit Batok), Jurong (BB East), 
Jurong (Central), Taman Jurong and Jurong (Yuhua). The energy cost shows it to be 
very sustainable as this involves only direct pumping cost per m
3
 (no treatment and 
transportation involved) of free rainwater and this is insignificant when compared to the 
drinking water tariff, where about half of the cost comprised of energy cost because of 
fossil fuel used in transportation and water treatment, and also in operation and 
maintenance where large staffs are housed in office buildings which require significant 
energy resources. One can conclude that decentralised RWH system is environmentally, 
economically and socially acceptable as it is not energy intensive. 
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Table 6.4: Summary of average energy cost (kWh)   
                                          # blocks/       Estimated. Occupants      Monthly kWh/                          Monthly kWh              Average monthly costs S$/person 
                                         # units              (1)                              person (2)                                 @S$0.21/kWh (3)        = (3)/(1)[ and also per m
3
] 
                                                             
i.   Potong Pasir          61/5, 324          27, 826               4, 365.57/ 27, 826 = 0.20        1, 170.34                   1, 170.34/ 27, 826 = 0.04 [0.05] 
ii.  Jurong (Bukit Batok)    149/12, 008    60, 040                       12, 361.30/ 60, 040 = 0.21        2, 595.87                   2, 595.87/ 60, 040 = 0.04 [0.04] 
iii. Jurong (BB East)          82/7, 621          38, 105              7, 368.11/ 38, 105 = 0.19        1, 547.30                   1, 547.30/ 38, 105 = 0.04 [0.04]  
iv. Jurong (Central             166/15, 654      78, 270              12, 781.67/ 78, 270 = 0.16        2, 684.15         2, 684.15/ 78, 270 = 0.03 [0.03] 
v.  Taman Jurong               85/8, 543          42, 715              8, 641.60/ 42, 715 = 0.20       1, 814.74                   1, 814.74/ 42, 715 = 0.04 [0.04] 
vi. Jurong (Yuhua)             111 /9, 873       49, 365              6, 515.66/ 49, 365 = 0.18        1, 900.40         1, 900.40/ 49, 365 = 0.04 [0.04] 
Source: Potong Pasir and Jurong Town Councils 
 
Note: na = not available. This table shows a summary of the total blocks and total residential units of Potong Pasir Town and Jurong Town with its subdivisions and estimated 
total occupants living there. It shows the total energy consumed (kWh) when rainwater is pumped up the building. The details in the supporting schedules in Appendix 3, 4, 5, 
6 and 7 are for Jurong subdivisions ii, iii, iv, v and vi. The total energy cost divided by the total occupants will give the energy cost per person. Similarly the total energy cost 
divided by the total water consumption in m
3
 gives the energy cost of water pumped per m
3
. Electricity cost per unit = S$0.21/kWh. Table 6.5 on Potong Pasir shows the 
computation of energy cost per person and per m
3
. Monthly PUB water bill for cleaning common areas in each block is provided by the Town Council and the average 
monthly water consumption is computed for each block. No detailed breakdown of room type is given, so assumption is made that there are 5 persons per residential unit for 
Jurong. Energy cost is based on the formula (e.g. Taman Jurong): = ((((Room type*5*0.0253*365) + (12*100))/12) *1000 * 9.81*storey*3)/(0.75*3600*30*24).  The 
assumptions are: 1 storey = 3m (height), pumping efficiency = 0.75 and water consumption = 0.16 *158 litre per person per day for toilet flushing (Figure 4.19). The 
[0.16*158 litres] + [PUB water bill (i.e. ~ S$100/month)] would approximate 25% of 158 litres per person per day for non-potable use. This is a conservative figure. Only the 
details and supporting schedules of 2 Towns (Potong Pasir and Jurong totalling 654 blocks) are illustrated here. Altogether 6 Towns were studied, the additional being Bedok 
(334 blocks), Hougang (101 blocks) and Sembawang-Woodlands (1314 blocks), giving a grand total of 2403 blocks. There is an estimated 8,000 HDB blocks, 70% are slab-
blocks and 30% are point-blocks (HDB and Foo, 2006). Thus an approximate 30% of HDB blocks (2403/8,000) are studied for the energy cost of pumping rainwater up the 
building.  
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Table 6.5: Potong Pasir average energy cost (kWh)   
Potong Pasir 
No. Block    # Storey 3R 4R 5R Exec HUDC Average 
m
3
 
# units  # Occupants DD(m
3
)/ 
month 
kWh/ 
month 
S$/ 
month 
1 101 16 120         100.00 120  480 409.38 99.16 20.82 
2 102 16 144 20   3   20.00 167  714 589.45 142.78 29.98 
3 103 4 62     1   9.00 63  254 235.46 14.26 2.99 
4 104 16 122 48   4   33.00 174  800 655.63 158.81 33.35 
5 105 16 152 26       45.00 178  764 627.93 152.10 31.94 
6 106 4 36     2   8.00 38  156 160.05 9.69 2.04 
7 107 14 65 39       29.00 104  494 420.15 89.05 18.70 
8 108 14 115 26   1   41.00 142  622 518.65 109.93 23.08 
9 109 4 72         6.00 72  288 261.63 15.84 3.33 
10 110 (HUDC) 12         77 39.00 77  462 395.53 71.85 15.09 
11 111 (HUDC) 12         42 28.00 42  252 233.92 42.50 8.92 
12 112 (HUDC) 7         56 25.00 56  336 298.57 31.64 6.64 
13 113 13 92 68       15.00 160  776 637.16 125.40 26.33 
14 114 13 92 44       32.00 136  632 526.35 103.59 21.75 
15 115 13 90 44 1     26.00 135  630 524.81 103.29 21.69 
16 116 4 32 8       4.00 40  176 175.44 10.62 2.23 
17 117 13 90 66       87.00 156  756 621.77 122.37 25.70 
18 118 4 72 24       31.00 96  432 372.44 22.55 4.74 
19 119 13 92 68       29.00 160  776 637.16 125.40 26.33 
20 120 13 85 61       77.00 146  706 583.30 114.80 24.11 
21 121 21 54 62 62     52.00 178  960 778.76 247.58 51.99 
22 122 23   42 81     16.00 123  738 607.92 211.67 44.45 
23 123 4       8   4.00 8  48 76.94 4.66 0.98 
24 124 4       8   13.00 8  48 76.94 4.66 0.98 
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25 125 4       8   2.00 8  48 76.94 4.66 0.98 
26 126 4       12   4.00 12  72 95.41 5.78 1.21 
27 127 4       8   41.00 8  48 76.94 4.66 0.98 
28 128 4       8   4.00 8  48 76.94 4.66 0.98 
29 129 4       8   1.00 8  48 76.94 4.66 0.98 
30 130 4       8   2.00 8  48 76.94 4.66 0.98 
31 131 4       16   8.00 16  96 113.88 6.90 1.45 
32 132 4       8   7.00 8  48 76.94 4.66 0.98 
33 133 4       12   30.00 12  72 95.41 5.78 1.21 
34 134 14 46 38 5     11.00 89  442 380.14 80.57 16.92 
35 135 4   32       3.00 32  192 187.75 11.37 2.39 
36 136 14 42 35 5     14.00 82  408 353.97 75.02 15.75 
37 137 14 42 35 5     30.00 82  408 353.97 75.02 15.75 
38 138 4   32       10.00 32  192 187.75 11.37 2.39 
39 139 17 80 68 8     31.00 156  776 637.16 163.98 34.44 
40 140 16 75 40 7     27.00 122  582 487.87 118.17 24.82 
41 141 4   32       48.00 32  192 187.75 11.37 2.39 
42 142 18 82 68 9     61.00 159  790 647.94 176.56 37.08 
43 143 17 80 68 8     21.00 156  776 637.16 163.98 34.44 
44 144 4   32       181.00 32  192 187.75 11.37 2.39 
45 145 17 80 68 8     123.00 156  776 637.16 163.98 34.44 
46 146 (Shop) 4 26 17       16.00 43  206 198.53 12.02 2.52 
47 147 (Market) 4 Market 0.00 0  0 0.00 0.00 0.00 
48 148 (Shop) 4 33 13       24.00 46  210 201.60 12.21 2.56 
49 210 (Market) 1 Market 0.00 0  0 0.00 0.00 0.00 
50 211 (Shop) 2 3         3.00 3  12 49.23 1.49 0.31 
51 212 (Shop) 2 3         0.00 3  12 49.23 1.49 0.31 
52 213 18   170       69.00 170  1020 824.93 224.79 47.21 
53 214 18   170       67.00 170  1020 824.93 224.79 47.21 
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54 215 (pt) 25     96     32.00 96  576 483.26 182.90 38.41 
55 216 (pt) 25     96     157.00 96  576 483.26 182.90 38.41 
56 217 (pt) 25     96     28.00 96  576 483.26 182.90 38.41 
57 218 (pt) 25     96     102.00 96  576 483.26 182.90 38.41 
58 219 18   190       121.00 190  1140 917.28 249.96 52.49 
59 220 16   90       279.00 90  540 455.55 110.34 23.17 
60 221 16   90       27.00 90  540 455.55 110.34 23.17 
61 222 20   266       31.00 266  1596 1268.19 383.98 80.64 
62 223 (pt) 25     96     15.00 96  576 483.26 182.90 38.41 
63 224 (pt) 25     96     41.00 96  576 483.26 182.90 38.41 
Total        40 5324    27826 23813.27 5573.03 1170.34 
                
                
           Energy cost per person = S$1170.34/27,826 = S$0.04 per person 
          Energy cost /m3= S$1170.34/23,813.27 = S$0.05/m3  
 
Source: Potong Pasir Town Council
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6.2.3 Social sustainability 
Viable strategies for ensuring adequate supplies of potable water are essential to 
long-term societal sustainability. Social sustainability relates more to perception. 
Culture and tradition affects one‘s perception. As a result, more importance was given 
to communities and societies and more emphasis was placed upon the dynamics of 
cultural interactions, including power dimensions, in natural resources management. 
However, despite the widespread call for the incorporation of culture in water resources 
management, there is still significant gap between theory and practice. Although 
international water policy has advocated for the incorporation of culture in water 
resources management and water governance structure, only limited work has been 
done in this area (Castillo, 2008). Perhaps because of this deficiency in tangible 
methodologies, governments all over the world have been reluctant to stress the 
importance of culture in water management and governance. However, it is useful to 
consider cultural contexts and traditions in water policy reform. It has been suggested 
that a water governance arrangement that considers cultural traditions is more likely not 
only to increase participation but also the sustainability of water resources (Castillo, 
2008) 
Social factors such as institutions, education and knowledge were recognized as 
important factors in water governance. Social practices such as consumption, 
technology and transportation choices are acceptable because they can be sustained in 
environmental and economic terms. Many cities, like Tokyo, obtain their city water 
often over 100 km away from big dam sites (Murase, 2003). The practice of building 
large dams in the upper watershed, where houses and fields are often submerged, is less 
sustainable as it not only has significant socio-economic and cultural impacts in the 
affected communities, but also water conflicts between upstream and downstream 
communities. RWH on the other hand is a more sustainable water strategy as the city‘s 
water policy is partly changed to include an additional, decentralised supplementary and 
/ or complementary system, from an off- site‖ to an ―on-site‖ and from a ―dependence‖ 
to an ―autonomy‖ of water resources. By adopting RWH most of the rainwater presently 
discharged into drains is captured. RWH is a decentralized water supply system that can 
supplement and/or complement the mains water supply system. A city totally reliant on 
a large, centralised water supply pipeline is vulnerable to biological warfare and 
terrorism. By having an additional decentralised system, with numerous scattered water 
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points throughout a city, there is greater flexibility and less vulnerability in water 
resources. A RWH system should also be sociably sustainable. Unlike desalination and 
NEWater, which consume more energy and is already acceptable by the populace, 
RWH system if promoted with mass publicity and continuous education, with the added 
benefits of fiscal and financial incentives there should be no problem in acceptance by 
the populace as RWH is mainly for non-potable uses. It is low energy requirement with 
no or little water treatment necessary. Culture, particularly Singapore culture where the 
government plays a major role in influencing the populace in accepting NEWater and 
desalination, is also a factor to consider. With adequate public education, exposure and 
awareness RWH can become more acceptable than used water as there is little public 
health risk as in the case of psychological barrier in recycled sewage water (i.e. 
NEWater). 
 
6.3. Discussion 
The experience gained in South Australia has shown that the important factor 
influencing the economy of the RWH system is the scale: the optimum ‗cluster‘ of 
houses to receive harvested rainwater is somewhat between 100 and 1000 houses 
(Queensland EPA, 2001). Hence RWH is recommended to be implemented in the HDB 
towns and states where there is sufficient population density to make it cost-effective. 
Rainwater tanks in private residential and commercial high-rise buildings in Singapore 
are generally installed at ground level or in underground car park and used for irrigation 
purposes. This study found RWH meets the three ―pillars‖ of sustainability: 
environmental, economic and sociable. To promote RWH on a sustainable basis and for 
wider applications, some key factors should be addressed. Innovators seeking 
alternative options face significant barriers. Centralised service delivery is a central 
paradigm embedded in the water industry culture. Successful implementation of a 
decentralised water management is a multi-faceted challenge. There is cost to 
homeowners. The payback time depends on the amount of water used (hotels vs. family 
houses), and also the price of municipal drinking water or water from alternative 
supplies. Generally, the current water charges are low in European countries which 
make water conservation uneconomic. The payback time for single houses often 
exceeds the life expectancy, about 25 years, of the systems because of low water 
charges. In Sweden, the present water charges (2 Euro/m
3
) would need to be doubled in 
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order for payback time of RWH systems in houses to be under 10 years (Berndtsson, 
2004)). Other than functional, cost effective technology, environmental protection and 
public health concern, there is need for social acceptability. Societal and institutional 
adaptations are critical issues for sustainable water management. In Singapore, there is 
already social acceptability of NEWater. As RWH is primarily for non-potable use, 
acceptability should not pose a problem. The likely barrier is cost, whether there is 
sufficient financial incentive to install RWH system as it may not be cost effective for a 
single house where only low volume is involved. 
Planning for RWH is important with reference to meeting specific needs and 
conditions. Planning needs to take care of all the sensitive issues, including public 
health, the role of stakeholders and the viability of operation and maintenance. This 
could be facilitated by incorporating RWH into local plans for water management. 
Unlike the UK Code for Sustainable Homes, launched on 13 December 2006, which is 
the new national standard for sustainable design and construction of new homes, there is 
none in Singapore. Singapore‘s BCD does not require RWH facilities installed in new 
homes and commercial buildings to conserve water. No coordination in planning exists 
presently between the BCA, HDB and PUB in the planning of high-rise public housing 
and private buildings on the installation of RWH systems. The HDB‘s RWH pilot study 
in Yishun in 2006 found RWH installation feasible on its roof (Figures 4.24 and 4.25, 
Chapter 4). The water quality monitored from July to December 2006 (Table 4.10, 
Chapter 4) also was found acceptable for non-potable use (HDB et al., 2006). However, 
no cost-effectiveness study on RWH was done by HDB, the national Water Agency or 
the MEWR unlike the joint study made on NEWater which involved the national Water 
Agency, MEWR and research institutions.  
The Singapore case study is for HDB new buildings and not retrofit as the cost 
for the latter would be higher. The cost of rainwater harvested per m
3 
(through retrofit) 
was found to be more expensive than municipal water in a Canadian study (Figure 6.8). 
Retrofitting its present stock of building is not considered feasible by HDB.  
 
 
 
 
 
 
Chapter 6                                                  Sustainability analysis of roofwater harvesting 
 
175 
 
 
 
 
 
Figure 6.8: Canadian examples of cost of harvested rainwater (retrofit) and municipal water  
Source: (Marsalek, 2009) 
 
 
 
Secondly economic and financial considerations are crucial for it to be socially 
sustainable. Cost-effectiveness should be given high priority. Community partnership 
will help to improve the investment level and the operation and maintenance efficiency 
to reduce overall cost. Thirdly, capacity building should be an integrated part of the 
overall plan. Human resources, policy and legal framework, and institutions are very 
important in achieving sustainable targets of rainwater plans. Active support from the 
national agencies, like PUB, HDB and BCA, create an enabling environment for the 
promotion of EST.  They can actively assist by moving forward to implement strategies 
and plans for rainwater use. 
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6.4  Conclusion  
The case study on rooftop RWH in Singapore demonstrated that the proposed 
RWH system is economically viable, socially acceptable and environmentally 
sustainable. The most important lesson learnt, is to include roof RWH as an additional 
resource in an IUWM where a paradigm shift and long-term institutional transformation 
may be required. By integrating rooftop RWH, a decentralised component to the 
existing centralised system, it will close the present gap in the total water cycle. 
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7.1 Introduction 
The traditional paradigm of the centralised urban water supply, sanitation and 
drainage systems were necessary for public health reason, as typhoid and cholera 
epidemics swept through the European and American cities in the mid to late 19
th
 
century. The centralised mains water system has improved public health. However, the 
traditional approach of providing these services no longer flows with the aspiration of 
ecologically sustainable development. It is important that in IUWM the provision of 
water, sanitation and drainage services by an urban city to its residents is sustainable. 
For more than a decade, cities have now moved towards a holistic approach to IUWM, 
where increased water demand is met by non-traditional means, such as RWH. 
However, one needs an integrated understanding of the operation of water supply, 
sanitation and drainage system. This thesis is novel in that a highly technological urban 
city in a developed country, like Singapore, is used as a case study in IUWM to 
determine the feasibility of RWH system as an additional freshwater source to the mains 
water supply system. According to CDM (Harley and CDM, 2006), it is the first time, 
more than 20 years after Singapore construction of its first urban stormwater ponds (the 
Sungei Seletar-Bedok Water Scheme) in the 1980s, that a study is now made on 
Singapore‘s stormwater harvesting. The overall aim of the research was to determine 
the feasibility of RWH, particularly roofwater (i.e. storm runoff), as an additional 
freshwater source for non-potable use, to supplement and/ or complement the 
centralised mains water supply system, within the context of a highly technologically 
developed country. The case study also has other aims, such as to facilitate RWH 
management decision-making, and to contribute to increase the transparency of and 
understanding of the total water cycle.  
Discussion, recommendations and conclusions in this chapter are structured as 
follows. There is the general discussion first on the problems as to why RWH, here 
rooftop RWH, as an alternative sources of freshwater supply faces obstacles. After the 
problems identification, the discussion is arranged in order of the chapters sequence and 
builds on earlier discussion before it. There are the recommendations and conclusions at 
the end. 
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7.2  Discussion and recommendations 
It is obvious that alternative sources of water must be found to alleviate water 
shortage problem in urban areas. Rainwater cistern systems are practical alternatives 
and supplementary water supply systems have long been used before development of 
the public water supply systems. During the 1977 California drought, Monterey 
peninsula residents recycled their limited water rations to irrigate gardens and lawns and 
to utilise rainwater to supplement their recycled water. These emergency practices 
apparently reduced the revenues to the water supply agencies. Urban water managers 
may be reluctant to accept RWH system because RWH system could reduce revenues 
for existing water supply systems. Other concerns could be the quality of the rainwater, 
the private owners/ operators‘ cost of the RWH system and rainfall dependability as rain 
is main source of water supply in RWH. Further, one should know the disadvantages, in 
addition to the advantages of RWH: i) the catchment area and storage capacity of RWH 
system are relatively small, ii) RWH systems are often not part of the building code and 
clear guidelines are lacking for users and developers to follow, iii) rainwater utilisation 
has not been recognised as an alternative water supply system by the public sector. 
Government basically do not include RWH utilisation in their water management 
policies, and citizens do not demand rainwater utilisation in their communities, iv) 
valuable space is taken up by rainwater tanks, v) development costs of larger rainwater 
catchment system maybe too high if costs are not shared with other systems as part of a 
multi-purpose network. The use of rainwater as a new source should all be discussed 
among the citizens/ user group and government water officials. Topics should include 
the alternative new water supply sources, their advantages and disadvantages, where 
RWH utilisation ranked among the alternatives by the citizens and governmental 
officials, before a detailed engineering feasibility study is undertaken. 
As illustrated in Chapter 2, some of the developed countries such as UK, 
Germany, Taiwan, Japan, South Korea, the municipality of Tuscon in Arizona and the 
State of Texas in the US, etc have a mandatory building code and/or fiscal and financial 
incentives offered for implementing RWH system and promoting its use. This is 
important as there is no mandatory building code under the BCA in Singapore requiring 
installation of a RWH system before a building permit is issued. The RWH systems are 
sporadically installed as green technology by developers in commercial and residential 
buildings in Singapore, where they compete for the Green Marks Awards given 
annually by the BCA. For RWH systems to be successfully implemented in Singapore a 
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mandatory building code requiring RWH installation in new developments--
commercial, industrial and residential is necessary. As population density is highest in 
the public HDB housing estates, the new development HDB blocks have to be required 
to install RWH systems (like the UK Code for Sustainable Homes), for sustainable 
living as RWH system is most-cost-effective where there is scale of economies. 
Presently, HDB has no policy to retrofit existing HDB estates with RWH systems as 
they did not consider it feasible or practical. The other governmental agencies and 
ministries have to participate and support. They are the Public Works Department 
(PWD), URA, LTA, national Water Agency PUB, MEWR, HDB, BCA, National 
Development Board (NDB), and the Inland Revenue Authority of Singapore (IRAS). 
The IRAS has to offer fiscal incentives and rebates so that individual home owner, 
where it may not be cost-effective to individual home, also has the incentive to install it.  
A review of Singapore water policy and its institutional framework in Chapter 3 
reveals a gap in Singapore water policy. Singapore water policy emphasis is on high-
end water technologies, such as NEWater, desalination and membrane technologies so 
that Singapore becomes a global hydro-hub where its sophisticated water technologies 
are exported. There is room for low-end technology such as RWH option and this 
should not be overlooked. NEWater and desalinated water (the ―3rd and 4th National 
Tap‖) are additional water sources to supplement the local catchments (i.e. reservoirs) 
and imported water. These however are energy intensive. Singapore has not fully 
harvested free water from the sky, like what is happening in Japan and South Korea, 
although it has already harvested storm-runoffs from land surfaces in its stormwater 
collection ponds. There is a gap in the total water cycle. The rooftop RWH system can 
fill this gap by bringing about greater water efficiency and sustainable water use. 
Chapter 4 shows the technology options available of stormwater (i.e. rainwater 
used interchangeably) harvesting: i) stormwater collection ponds, and ii) rooftop RWH. 
In its narrow sense, stormwater harvesting includes the stormwater collection ponds and 
roofwater harvesting. Roofwater harvesting is a subset of RWH where storm runoff is 
harvested from rooftop. Singapore‘s stormwater collection ponds are part of the 
centralised mains water supply system. Constructed by the national Water Agency PUB, 
they capture the high-intensity and short duration storm runoff from the highly 
urbanised HDB housing estates, where the cleanest stormwater is abstracted and 
pumped to the reservoirs. The Sungei Seletar-Bedok Water Scheme, with 7 present 
stormwater ponds out of a total 15 stormwater collection ponds in Singapore, were 
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constructed at a cost of not less than S$277 million. These are heavy infrastructure 
investment, as part of the mains water supply system. The stormwater collection system 
was designed in close co-ordination with the HDB, PWD, MEWR, Ministry of National 
Development (MND), and the national Water Agency PUB. This was to ensure that the 
pond system would blend aesthetically with the other features of the New Towns (where 
the stormwater ponds were constructed) and that its operation would not affect the 
drainage or flood control systems. The RWH system, on the other hand, is simple, low 
cost and decentralised at or near water source from rooftops of buildings and involved 
only the Town Council that manages the HDB blocks. The operation of RWH system is 
simple, not complex, and can easily be operated by non-expert. Maintenance is also 
low. Instead of big land surface, the roof is the limited catchment area where relatively 
clean rainwater can be easily harvested. The gutter and filter can be easily cleaned and 
maintained. It does not have a complex distribution network system involving water 
treatment works, service reservoirs before drinking water is piped to the households. 
Rainwater for non-potable use requires no treatment and is distributed to households at 
or close to water source. 
Chapter 5 on the economic analysis of RWH systems shows the cost-
effectiveness of RWH systems - from a simple to a complex system- based on a 
payback period. There are a number of costing methods used in equipment costing. 
Here the payback method is used as it is simple for any layman to understand. The LCC 
is not used for costing RWH system in comparing with other alternative options, as 
LCC is used in the estimation of total costs experienced in annual time increments, 
during the project life with consideration for the time value of money. No present value 
is used here as the rate of inflation at 6 – 7% annually in Singapore from 2006 to 2009 
is greater than the discount rate (i.e. rate of investment) which is less than 1% presently. 
LCC is the total cost of ownership of machinery and equipment, including its cost of 
acquisition, operation, maintenance, conversion, and/or decommission. Usually the cost 
of operation, maintenance, and disposal costs exceed many times the initial acquisition 
cost. RWH system is low technology with low operating and maintenance cost, and is 
normally a one-time acquisition cost upon installation. The payback method clearly 
demonstrates that RWH system can be very cost-effective when significant quantity of 
rainwater is substituted for potable water, resulting in substantial water-bills savings, 
reduction in potable water use and reduction in energy use. 
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Chapter 6 on the sustainability of roofwater harvesting demonstrates that it 
meets the three legs of sustainability- economic, environment and social. The feasibility 
study of roofwater (i.e. storm runoff) harvesting, as an additional freshwater source for 
non-potable use, focuses on Singapore public housing estates, the HDB Towns, as over 
82% of the population live there. The study tries to connect the relationship between the 
additional roofwater available from HDB estates to over 80% of Singapore population 
living in them. This establishes the scale required in rooftop RWH to make RWH 
system cost-effective for implementation. The research lays the basic groundwork upon 
which further study, a greater detailed cost-effectiveness study in implementing RWH 
systems, can be made by HDB with support from PUB, PWD, MEWR, NDB, BCA and 
IRAS. The data like reservoirs‘ yields, cost of centralised mains water supply system 
consisting costs of reservoirs, water treatment plants, distribution networks, etc., are 
sensitive data kept by PUB and the MEWR. Similarly, the different types of HDB block 
(whether slab-block, point-block, or hybrid-block, roof area of the block), detailed 
residential unit (whether 1-room, 2-room, 3-room, 4-room, 5-room unit etc.), number of 
residents in each residential unit, water consumption of each HDB Block used in 
cleaning common areas, like garbage chutes and corridors, are kept by HDB and the 
respective Town Councils that manage the HDB estates. Both PUB and HDB are semi-
governmental agencies. If there is a joint feasibility study by HDB and PUB, and cost-
effectiveness of implementing RWH system to close the total water cycle, greater 
efficiency and sustainability in water-use will be possible. As this is not data sharing 
with the public, there will be no barrier or sensitivity in data sharing as it is common for 
governmental agencies to work together to achieve a common goal. The true cost of 
drinking water per cubic metre and the cost of rainwater per cubic metre will be 
available for comparative study. The one barrier, where governmental agencies work 
together, one can foresee maybe the rivalry between them. Presently, there are rooms 
for much improvement in co-operation between the two bodies. HDB has carried out a 
RWH pilot project in 2006 at a HDB block in Yishun. From that episode, HDB could 
use PUB for its water-quality testing expertise, if it wanted to.  Tests conducted by HDB 
were primarily on the physical parameters rather than on the chemical and 
microbiological parameters. Water quality testing is an area of expertise of PUB. 
HDB‘s testing was made on the physical characteristics such as colour, turbidity, etc., 
none on nutrient, organic and inorganic indicators, and microbiological indicators. HDB 
was learning as it goes from their pilot RWH study. The learning curve in future can be 
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speeded up when there is shared expertise. HDB had learnt what are mandatory: i) the 
lid must be tightly closed to prevent rodent entry and mosquitoes breeding ii) filters are 
necessary to remove dirt and eliminate odour; iii) the type of suitable tank material cost-
wise; iv) the design and orientation of the tank; v) coloured piping system to distinguish 
potable water and rainwater. No cost-effectiveness study was made at the pilot project. 
The cost-effectiveness study is necessary before implementing RWH system in a HDB 
block and to HDB estates island-wide. The water supply in Singapore is fully metered, 
and a reduction in potable water use is easily available as it is the difference in quantity 
of drinking water consumed before and after implementing roof RWH. HDB is 
presently embarking a small scale cost-effectiveness study at its first eco-precinct at The 
Treelodge.  Launched in March 2007, the project is under construction at Punggol to be 
the test-bed for HDB‘s sustainable development principles. A small scale roof RWH is 
launched, the first for HDB to study its cost-effectiveness for watering landscaped areas 
and washing the common areas. Construction of the 712-unit housing development 
started in January 2008, and is scheduled to complete end of 2010.  
The RWH case studies (Chapter 5) involved developments by private entities 
(e.g. Temasek Polytechnic and City Development Ltd.), semi-government agencies (e.g. 
HDB and CAAS) or public (e.g. the Jurong Chinese Gardens and Sungei Buloh 
Wetlands under the National Parks). There were none set up by PPP public-private 
partnership in RWH system. Examples of PPP are in NEWater and desalination plants 
where they draw the skills and experience from both the public and private 
organisations. It is good for a future RWH system planned by HDB to involve private 
organisations as such arrangements are also a good mechanism to avoid the often 
adversarial relationship between a private developer and the various public authorities 
that are involved in the approval process. This is particularly so as HDB estates are now 
developed by private developers. 
The operating and maintenance costs (e.g. the mains water supply system 
compared to RWH) are not considered in detail in the study as this is an area fraught 
with difficulty. Clear identification of the boundaries of the water system included in 
the costing, the method used to calculate the costs, and the underlying assumptions must 
be clearly stated before a reasonable understanding of the cost implications of the mains 
water supply system, water treatment and distribution can be gained. The research is 
limited in scope, but helpful and insightful enough to reveal the vast potential of RWH 
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where greater efficiency can be achieved in the total water cycle for significant savings 
in water bill cost, potable water and energy use.  
RWH seems to face institutional and social barriers precisely because of its low 
technology status. There is a perception that low technology system may not be as 
efficient or reliable as high-technology system. This is misleading. RWH system is 
flexible and adaptable to the environment, a function of economics and varies from the 
simple to the sophisticate depending on one‘s need and affordability in installation. 
Singapore has already utilised stormwater harvesting from land surfaces by the 
construction of 15 stormwater collection ponds. This is RWH from storm runoff of land 
surfaces, which carry with it large pollutant loads. Roofwater is also stormwater 
harvesting, but is a subset of RWH from rooftop. Roofwater is clean carrying less 
pollutant than land surface (i.e. road) harvesting, as the distance travelled is shorter. It is 
only a recent phenomenon that there is a greater push for sustainable building for living 
and materials, water conservation and energy use become forefront issues. Presently 
Singapore RWH and management technologies are not well integrated into the 
landscape, as roof RWH is not practised generally. If roof RWH is adopted, the total 
water cycle benefits would be reduced potable water usage, reduced stormwater peak 
and volume of flow, and improved quality. 
It is to be noted that for any technology to be implemented there must be drivers 
for their adoption. In Australia‘s adoption of IUWM, the dominant reported driver was 
the reduction in environmental impacts of urban development, particularly on water 
resources. Others are social and/or economic primary drivers in addition to the 
environmental drivers. It seems that the major driver of HDB development is the 
provision of affordable housing and it is difficult to pass the cost of RWH systems for 
new developments to the purchasers in the sale price.  
A systematic approach is necessary for the promotion and future development of 
RWH and utilisation in Singapore. Rainwater utilisation, just like water conservation 
and wastewater reclamation, should be incorporated into the municipal ordinances and 
regulations. Some standardisation of materials from a maintenance and replacement 
point of view may be desirable. Whether to standardise the design of RWH and 
utilisation is something to consider. A guideline on RWH and its operation and 
maintenance is essential. Various implementation policies should be established to 
make RWH and utilisation a part of the social system. Leadership is very important and 
local governments, like when NEWater was first introduced, must take the initiative to 
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promote the concept of RWH, water resource independence and the restoration of the 
natural hydrological cycle. Consideration should be given to subsidising RWH facilities 
like what Japan is doing. Encouraging technology and human resources development to 
support RWH and utilisation are very important. It is also to promote the development 
of efficient and affordable technology for water conservation and to train specialists 
with a thorough grasp of these technologies. To promote RWH and utilisation as an 
EST, a network should be established involving all levels of communities—from 
government administrators, residents, architects, plumbers to representatives of RWH 
equipments. If there is a good network and exchanges, more will become aware of 
RWH and its benefits.  
There is no doubt residents would appreciate potable water savings, lower water 
bills and energy savings. If there is positive community acceptance and pride in 
wastewater recycling (i.e. NEWater), RWH can also be made acceptable. Adequate 
levels of education and awareness have to be promoted and maintained. This requires 
more effort than when a conventional water servicing approach is adopted. Mechanisms 
to maintain continuing residents‘ awareness can be incorporated during the planning 
and design process of RWH, similar to that in the introduction of NEWater. The 
responsibility should be assigned during the commission and operation of RWH 
systems. There is need for greater knowledge transfer, improved dissemination of 
knowledge on RWH, enhancement of skills in the public and private organisations, and 
monitoring of systems and technologies performance once implemented. The success 
and failure of new or novel technology thus depends on the commitment of all involved 
as a supportive infrastructure is required.  
 
7.3 Conclusions 
 
The overall aim of the research was to determine the feasibility of urban storm 
runoff as an additional freshwater source for non-potable use, where rooftop RWH is 
utilised as a decentralised water supply to supplement and/or complement the existing 
centralised mains water system in a highly-technological developed country. RWH has 
to be part of the building code with clear guidelines for users and developers to follow if 
RWH systems are to be successfully implemented. Rainwater utilisation has to be 
recognised as an alternative water supply system by the public sector like that in Japan, 
South Korea, Germany and Australia, and now also by some states in the US. 
Chapter 7                                                 Discussion, recommendations and conclusions 
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Governments basically have to include RWH utilisation in their water management 
policies, and citizens and users groups have to demand rainwater utilisation in their 
communities. In addition to legislation, fiscal and financial incentives have to be offered 
for implementing RWH systems and promoting their use. This is important as costs are 
involved. Like NEWater, residents have to be continually educated and made aware of 
the benefits of RWH so that there is social acceptability as economic benefits can be 
easily seen in the savings of water bill cost, potable water and energy use. A paradigm 
shift is required in the minds of regulators and water authorities to facilitate this as the 
world pushes for greater sustainability. A decentralised rooftop RWH, running parallel 
to the centralised mains water supply system, as additional freshwater source for non-
potable use can certainly achieve greater water efficiency and sustainability in water 
use. 
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Appendix 1 Sizing a maximum rainwater tank (1999-2006)
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        Input                        Output            
Year 1999   Time   Rainfall (mm)   Roof area (m
2
)  Vol (m
3
) Coeff       IP Cum IP OP Cum OP Diff 
19990505 08:00 0  1200 0 0.85 0 0 1.293 1.293 -1.293 
 09:00 0  1200 0 0.85 0 0 1.41 2.703 -2.703 
 10:00 0  1200 0 0.85 0 0 1.586 4.289 -4.289 
 11:00 0  1200 0 0.85 0 0 1.528 5.817 -5.817 
 12:00 0  1200 0 0.85 0 0 1.528 7.345 -7.345 
 13:00 0  1200 0 0.85 0 0 1.469 8.814 -8.814 
 14:00 0  1200 0 0.85 0 0 1.41 10.224 -10.224 
 15:00 16  1200 19.2 0.85 16.3 16.32 1.351 11.575 4.745 
 16:00 77.3  1200 92.76 0.85 78.8 95.17 1.469 13.044 82.122 
 17:00 3  1200 3.6 0.85 3.06 98.23 1.586 14.63 83.596 
 18:00 0  1200 0 0.85 0 98.23 1.763 16.393 81.833 
 19:00 0  1200 0 0.85 0 98.23 1.939 18.332 79.894 
 20:00 0  1200 0 0.85 0 98.23 2.056 20.388 77.838 
 21:00 0  1200 0 0.85 0 98.23 1.998 22.386 75.84 
 22:00 0  1200 0 0.85 0 98.23 1.175 23.561 74.665 
 23:00 0  1200 0 0.85 0 98.23 0.588 24.149 74.077 
 00:00 0  1200 0 0.85 0 98.23 0.411 24.56 73.666 
 01:00 0  1200 0 0.85 0 98.23 0.235 24.795 73.431 
 02:00 0.2  1200 0.24 0.85 0.2 98.43 0.235 25.03 73.4 
 03:00 0  1200 0 0.85 0 98.43 0.235 25.265 73.165 
 04:00 0  1200 0 0.85 0 98.43 0.353 25.618 72.812 
 05:00 0  1200 0 0.85 0 98.43 0.47 26.088 72.342 
 06:00 0  1200 0 0.85 0 98.43 0.705 26.793 71.637 
 07:00 0  1200         0 0.85 0 98.43 1.175 27.968 70.462 
          Tank size (m
3
)  98.511 
Plus 5% of rainwater as mains water backup 
Required tank size (1999): 1.05*(83.60 + 10.22) = 98.51m
3
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   Input             Output    
   Year 2000   Time  Rainfall (mm)  Roof area (m
2
) Vol (m
3
) Coeff IP Cum IP       OP Cum OP Diff 
20000206 08:00 0  1200 0 0.85 0 0 1.293 1.293 -1.293 
 09:00 0  1200 0 0.85 0 0 1.41 2.703 -2.703 
 10:00 0  1200 0 0.85 0 0 1.586 4.289 -4.289 
 11:00 0  1200 0 0.85 0 0 1.528 5.817 -5.817 
 12:00 0  1200 0 0.85 0 0 1.528 7.345 -7.345 
 13:00 0  1200 0 0.85 0 0 1.469 8.814 -8.814 
 14:00 0  1200 0 0.85 0 0 1.41 10.224 -10.224 
 15:00 0  1200 0 0.85 0 0 1.351 11.575 -11.575 
 16:00 24.4  1200 29.28 0.85 24.9 24.89 1.469 13.044 11.844 
 17:00 61  1200 73.2 0.85 62.2 87.11 1.586 14.63 72.478 
 18:00 3.8  1200 4.56 0.85 3.88 90.98 1.763 16.393 74.591 
 19:00 0  1200 0 0.85 0 90.98 1.939 18.332 72.652 
 20:00 0.2  1200 0.24 0.85 0.2 91.19 2.056 20.388     70.80 
 21:00 0  1200 0 0.85 0 91.19 1.998 22.386 68.802 
 22:00 0  1200 0 0.85 0 91.19 1.175 23.561 67.627 
 23:00 0  1200 0 0.85 0 91.19 0.588 24.149 67.039 
 00:00 0  1200 0 0.85 0 91.19 0.411 24.56 66.628 
 01:00 0  1200 0 0.85 0 91.19 0.235 24.795 66.393 
 02:00 0  1200 0 0.85 0 91.19 0.235 25.03 66.158 
 03:00 0  1200 0 0.85 0 91.19 0.235 25.265 65.923 
 04:00 0  1200 0 0.85 0 91.19 0.353 25.618     65.57 
 05:00 0  1200 0 0.85 0 91.19 0.47 26.088     65.10 
 06:00 0  1200 0 0.85 0 91.19 0.705 26.793  64.395 
 07:00 0  1200 0 0.85 0 91.19 1.175 27.968     63.22 
          Tank size (m
3
)   90.4785 
 
Plus 5% of rainwater as mains water backup 
Required tank size (2000): 1.05 (74.59 + 11.58) = 90.48m
3 
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          Input       Output    
Year 2001   Time Rainfall (mm)  Roof area (m
2
) Vol (m
3
) Coeff IP Cum IP OP Cum OP Diff 
20011227 08:00 8.4  1200 10.08 0.85 8.57 8.568 1.293 1.293 7.275 
 09:00 7.6  1200 9.12 0.85 7.75 16.32 1.41 2.703 13.617 
 10:00 5.6  1200 6.72 0.85 5.71 22.03 1.586 4.289 17.743 
 11:00 1.6  1200 1.92 0.85 1.63 23.66 1.528 5.817 17.847 
 12:00 0.2  1200 0.24 0.85 0.2 23.87 1.528 7.345 16.523 
 13:00 0.4  1200 0.48 0.85 0.41 24.28 1.469 8.814 15.462 
 14:00 1.4  1200 1.68 0.85 1.43 25.7 1.41 10.224 15.48 
 15:00 10.6  1200 12.72 0.85 10.8 36.52 1.351 11.575 24.941 
 16:00 26.4  1200 31.68 0.85 26.9 63.44 1.469 13.044 50.4 
 17:00 29.4  1200 35.28 0.85 30 93.43 1.586 14.63 78.802 
 18:00 10.8  1200 12.96 0.85 11 104.4 1.763 16.393 88.055 
 19:00 8.2  1200 9.84 0.85 8.36 112.8 1.939 18.332 94.48 
 20:00 4.6  1200 5.52 0.85 4.69 117.5 2.056 20.388 97.116 
 21:00 3.8  1200 4.56 0.85 3.88 121.4 1.998 22.386 98.994 
 22:00 0.8  1200 0.96 0.85 0.82 122.2 1.175 23.561 98.635 
 23:00 0.4  1200 0.48 0.85 0.41 122.6 0.588 24.149 98.455 
 00:00 3.6  1200 4.32 0.85 3.67 126.3 0.411 24.56 101.716 
 01:00 0.2  1200 0.24 0.85 0.2 126.5 0.235 24.795 101.685 
 02:00 0  1200 0 0.85 0 126.5 0.235 25.03 101.45 
 03:00 0  1200 0 0.85 0 126.5 0.235 25.265 101.215 
 04:00 0  1200 0 0.85 0 126.5 0.353 25.618 100.862 
 05:00 0          1200 0 0.85 0 126.5 0.47 26.088 100.392 
 06:00 0     1200  0  0.85  0 126.5 0.705 26.793 99.687 
 07:00 0     1200  0  0.85  0 126.5 1.175 27.968 98.512 
            Tank size (m
3
)  106.806 
 
Plus 5% of rainwater as mains water backup 
Required tank size (2001): 1.05*(101.72) = 106.81m
3
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           Input            Output    
Year 2002 Time Rainfall (mm)  Roof area (m
2
) Vol (m
3
) Coeff IP Cum IP OP Cum OP Diff 
20021205 08:00 0          1200        0 0.85 0 0 1.293 1.293 -1.293 
 09:00 0  1200 0 0.85 0 0 1.41 2.703 -2.703 
 10:00 0  1200 0 0.85 0 0 1.586 4.289 -4.289 
 11:00 0  1200 0 0.85 0 0 1.528 5.817 -5.817 
 12:00 0  1200 0 0.85 0 0 1.528 7.345 -7.345 
 13:00 0  1200 0 0.85 0 0 1.469 8.814 -8.814 
 14:00 0  1200 0 0.85 0 0 1.41 10.224 -10.224 
 15:00 0  1200 0 0.85 0 0 1.351 11.575 -11.575 
 16:00 0  1200 0 0.85 0 0 1.469 13.044 -13.044 
 17:00 0  1200 0 0.85 0 0 1.586 14.63 -14.63 
 18:00 0  1200 0 0.85 0 0 1.763 16.393 -16.393 
 19:00 0  1200 0 0.85 0 0 1.939 18.332 -18.332 
 20:00 0  1200 0 0.85 0 0 2.056 20.388 -20.388 
 21:00 0  1200 0 0.85 0 0 1.998 22.386 -22.386 
 22:00 0  1200 0 0.85 0 0 1.175 23.561 -23.561 
 23:00 0  1200 0 0.85 0 0 0.588 24.149 -24.149 
 00:00 0  1200 0 0.85 0 0 0.411 24.56 -24.56 
 01:00 0  1200 0 0.85 0 0 0.235 24.795 -24.795 
 02:00 0  1200 0 0.85 0 0 0.235 25.03 -25.03 
 03:00 0  1200 0 0.85 0 0 0.235 25.265 -25.265 
 04:00 0  1200 0 0.85 0 0 0.353 25.618 -25.618 
 05:00 0  1200 0 0.85 0 0 0.47 26.088 -26.088 
 06:00 0  1200 0 0.85 0 0 0.705 26.793 -26.793 
 07:00 122.9  1200 147.48 0.85 125.4 125.4 1.175 27.968   97.39 
          Tank size (m
3
)   130.389 
            
Plus 5% of rainwater as mains water backup 
Required tank size (2002): 1.05*(97.39 + 26.79) = 130.39m
3
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Plus 5% of rainwater as mains water backup 
Required tank size (2003): 1.05*(154.33 + 1.29) = 163.40m
3
    
 
 
 
      Input       Output   
Year 2003   Time Rainfall (mm)  Roof area (m
2
) Vol (m
3
) Coeff IP Cum IP OP Cum OP Diff 
20030131 08:00 0  1200 0 0.85 0 0 1.293 1.293 -1.293 
 09:00 3  1200 3.6 0.85 3.06 3.06 1.41 2.703 0.357 
 10:00 2.4  1200 2.88 0.85 2.45 5.508 1.586 4.289 1.219 
 11:00 1.2  1200 1.44 0.85 1.22 6.732 1.528 5.817 0.915 
 12:00 21.2  1200 25.44 0.85 21.6 28.36 1.528 7.345 21.011 
 13:00 38.6  1200 46.32 0.85 39.4 67.73 1.469 8.814 58.914 
 14:00 35.8  1200 42.96 0.85 36.5 104.2 1.41 10.224 94.02 
 15:00 2.4  1200 2.88 0.85 2.45 106.7 1.351 11.575 95.117 
 16:00 0.2  1200 0.24 0.85 0.2 106.9 1.469 13.044 93.852 
 17:00 0.6  1200 0.72 0.85 0.61 107.5 1.586 14.63 92.878 
 18:00 3.4  1200 4.08 0.85 3.47 111 1.763 16.393 94.583 
 19:00 17.8  1200 21.36 0.85 18.2 129.1 1.939 18.332 110.8 
 20:00 14  1200 16.8 0.85 14.3 143.4 2.056 20.388 123.024 
 21:00 28.6  1200 34.32 0.85 29.2 172.6 1.998 22.386 150.198 
 22:00 5.2  1200 6.24 0.85 5.3 177.9 1.175 23.561 154.327 
 23:00 0  1200 0 0.85 0 177.9 0.588 24.149 153.739 
 00:00 0  1200 0 0.85 0 177.9 0.411 24.56 153.328 
 01:00 0.2  1200 0.24 0.85 0.2 178.1 0.235 24.795 153.297 
 02:00 0.4  1200 0.48 0.85 0.41 178.5 0.235 25.03 153.47 
 03:00 0.2  1200 0.24 0.85 0.2 178.7 0.235 25.265 153.439 
 04:00 0.2  1200 0.24 0.85 0.2 178.9 0.353 25.618 153.29 
 05:00 0  1200 0 0.85 0 178.9 0.47 26.088 152.82 
 06:00 0  1200 0 0.85 0 178.9 0.705 26.793 152.115 
 07:00 0  1200 0 0.85 0 178.9 1.175 27.968 150.94 
          Tank size (m
3
) 163.401 
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20040308 08:00 5.2  1200 6.24 0.85 5.3 5.304 1.293 1.293 4.011 
 09:00 0.6  1200 0.72 0.85 0.61 5.916 1.41 2.703 3.213 
 10:00 9  1200 10.8 0.85 9.18 15.1 1.586 4.289 10.807 
 11:00 17.6  1200 21.12 0.85 18 33.05 1.528 5.817 27.231 
 12:00 16.2  1200 19.44 0.85 16.5 49.57 1.528 7.345 42.227 
 13:00 15.6  1200 18.72 0.85 15.9 65.48 1.469 8.814 56.67 
 14:00 9  1200 10.8 0.85 9.18 74.66 1.41 10.224 64.44 
 15:00 4.8  1200 5.76 0.85 4.9 79.56 1.351 11.575 67.985 
 16:00 10.6  1200 12.72 0.85 10.8 90.37 1.469 13.044 77.328 
 17:00 6.6  1200 7.92 0.85 6.73 97.1 1.586 14.63 82.474 
 18:00 7.8  1200 9.36 0.85 7.96 105.1 1.763 16.393 88.667 
 19:00 10  1200 12 0.85 10.2 115.3 1.939 18.332 96.928 
 20:00 19.6  1200 23.52 0.85 20 135.3 2.056 20.388 114.864 
 21:00 31.2  1200 37.44 0.85 31.8 167.1 1.998 22.386 144.69 
 22:00 18.6  1200 22.32 0.85 19 186 1.175 23.561 162.487 
 23:00 10  1200 12 0.85 10.2 196.2 0.588 24.149 172.099 
 00:00 4.8  1200 5.76 0.85 4.9 201.1 0.411 24.56 176.584 
 01:00 6.2  1200 7.44 0.85 6.32 207.5 0.235 24.795 182.673 
 02:00 7.6  1200 9.12 0.85 7.75 215.2 0.235 25.03 190.19 
 03:00 4  1200 4.8 0.85 4.08 219.3 0.235 25.265 194.035 
 04:00 3.4  1200 4.08 0.85 3.47 222.8 0.353 25.618 197.15 
 05:00 2.6  1200 3.12 0.85 2.65 225.4 0.47 26.088 199.332 
 06:00 2.4  1200 2.88 0.85 2.45 227.9 0.705 26.793 201.075 
 07:00 0.2  1200 0.24 0.85 0.2 228.1 1.175 27.968 200.104 
          Tank size (m
3
) 211.134 
Plus 5% of rainwater as mains water backup 
Required tank size (2004): 1.05*(201.08) = 211.13m
3
    
 
 
 
   Input       Output   
  Year 2004 Time Rainfall (mm)  Roof area (m
2
) Vol (m
3
) Coeff IP Cum IP OP Cum OP    Diff 
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            Input       Output   
Year 2005  Time  Rainfall (mm)  Roof area (m
2
) Vol (m
3
)     Coeff IP Cum IP OP  Cum OP Diff 
20051016 08:00 0  1200 0 0.85 0 0 1.293 1.293 -1.293 
 09:00 0  1200 0 0.85 0 0 1.41 2.703 -2.703 
 10:00 4.6  1200 5.52 0.85 4.69 4.692 1.586 4.289 0.403 
 11:00 3.8  1200 4.56 0.85 3.88 8.568 1.528 5.817 2.751 
 12:00 34.4  1200 41.28 0.85 35.1 43.66 1.528 7.345 36.311 
 13:00 70  1200 84 0.85 71.4 115.1 1.469 8.814 106.242 
 14:00 39.2  1200 47.04 0.85 40 155 1.41 10.224 144.816 
 15:00 13  1200 15.6 0.85 13.3 168.3 1.351 11.575 156.725 
 16:00 12.2  1200 14.64 0.85 12.4 180.7 1.469 13.044 167.7 
 17:00 8  1200 9.6 0.85 8.16 188.9 1.586 14.63 174.274 
 18:00 1  1200 1.2 0.85 1.02 189.9 1.763 16.393 173.531 
 19:00 0.4  1200 0.48 0.85 0.41 190.3 1.939 18.332 172 
 20:00 0  1200 0 0.85 0 190.3 2.056 20.388 169.944 
 21:00 0.2  1200 0.24 0.85 0.2 190.5 1.998 22.386 168.15 
 22:00 0.2  1200 0.24 0.85 0.2 190.7 1.175 23.561 167.179 
 23:00 0.4  1200 0.48 0.85 0.41 191.1 0.588 24.149 166.999 
 00:00 0.2  1200 0.24 0.85 0.2 191.4 0.411 24.56 166.792 
 01:00 0  1200 0 0.85 0 191.4 0.235 24.795 166.557 
 02:00 0  1200 0 0.85 0 191.4 0.235 25.03 166.322 
 03:00 0  1200 0 0.85 0 191.4 0.235 25.265 166.087 
 04:00 0  1200 0 0.85 0 191.4 0.353 25.618 165.734 
 05:00 0  1200 0 0.85 0 191.4     0.47 26.088 165.264 
 06:00 0  1200 0 0.85 0 191.4 0.705 26.793 164.559 
 07:00 0  1200 0 0.85 0 191.4     1.175 27.968 163.384 
            Tank size(m
3
) 185.818 
 
Plus 5% of rainwater as mains water backup 
Required tank size (2005): 1.05*(174.27 + 2.70) = 185.82m
3
    
 
 
 
Appendix 1                                                   Sizing a maximum rainwater tank 
Continue from previous page 
 
209 
 
  Input       Outtput   
Year 2006   Time  Rainfall (mm)   Roof area (m
2
)  Vol (m
3
) Coeff IP Cum IP OP Cum OP          Diff 
20061219 08:00 46.2  1200 55.44 0.85 47.1 47.12 1.293 1.293 45.831 
 09:00 23  1200 27.6 0.85 23.5 70.58 1.41 2.703 67.881 
 10:00 1.4  1200 1.68 0.85 1.43 72.01 1.586 4.289 67.723 
 11:00 14.4  1200 17.28 0.85 14.7 86.7 1.528 5.817 80.883 
 12:00 7.4  1200 8.88 0.85 7.55 94.25 1.528 7.345 86.903 
 13:00 11.2  1200 13.44 0.85 11.4 105.7 1.469 8.814 96.858 
 14:00 44.4  1200 53.28 0.85 45.3 151 1.41 10.224 140.736 
 15:00 4.4  1200 5.28 0.85 4.49 155.4 1.351 11.575 143.873 
 16:00 1.4  1200 1.68 0.85 1.43 156.9 1.469 13.044 143.832 
 17:00 4.2  1200 5.04 0.85 4.28 161.2 1.586 14.63 146.53 
 18:00 3.8  1200 4.56 0.85 3.88 165 1.763 16.393 148.643 
 19:00 8  1200 9.6 0.85 8.16 173.2 1.939 18.332 154.864 
 20:00 3  1200 3.6 0.85 3.06 176.3 2.056 20.388 155.868 
 21:00 2.6  1200 3.12 0.85 2.65 178.9 1.998 22.386 156.522 
 22:00 7.4  1200 8.88 0.85 7.55 186.5 1.175 23.561 162.895 
 23:00 4.2  1200 5.04 0.85 4.28 190.7 0.588 24.149 166.591 
 00:00 19  1200 22.8 0.85 19.4 210.1 0.411 24.56 185.56 
 01:00 20.8  1200 24.96 0.85 21.2 231.3 0.235 24.795 206.541 
 02:00 7  1200 8.4 0.85 7.14 238.5 0.235 25.03 213.446 
 03:00 3.6  1200 4.32 0.85 3.67 242.1 0.235 25.265 216.883 
 04:00 1.6  1200 1.92 0.85 1.63 243.8 0.353 25.618 218.162 
 05:00 0  1200 0 0.85 0 243.8 0.47 26.088 217.692 
 06:00 0  1200 0 0.85 0 243.8 0.705 26.793 216.987 
 07:00 0  1200 0 0.85 0 243.8 1.175 27.968 215.812 
          Tank size  (m
3
) 229.068 
Plus 5% of rainwater as mains water backup 
Required tank size (2006): 1.05*(218.16) = 229.07
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                 Bedok Rainfall             Bedok Ponds              Bedok Reservoir 
Parameters Unit 2006 2006 2006 
    Min Max Range Ave Min  Max Range Ave Min Max Range Ave 
Physical Characteristics                           
pH value   5.8 7.0 5.8 - 7.0 6.6 7 7.7 7.0 - 7.7 7.3 7.5 8.6 7.5 - 8.6  8.0 
Temperature             oC         25 29 25 - 29 28 27 30 27 - 30 29      
Colour  Hazen <5 10 <5 - 10 7 35 120 35 - 120 53 5 20 5 - 20 12 
Turbidity NTU 0.4 10.7 0.4 - 10.7 1.6 5.9 58.0 5.9 - 58.0 20.1 1.4 7.0 1.4 -7.0 2.7 
Conductivity uS/cm   7 53 7 - 53 23 44 119 44 - 119 74 154 175 154 - 175 161 
Dissolved Organic Carbon mg/L         3.0 6.6 3.0 - 6.6 5.3 4.3 8.2 4.3 - 8.2 6.9 
Suspended Solids mg/L               1 13 1 - 13 4 
Rainfall Mm 5.0 123.0 5.0 - 123.0 31.1               
                          
Inorganic Indicator                           
Total Hardness (as CaCO3) mg/L               44 53 44 - 53 48 
Total Alkalinity (as CaCO3) mg/L <5 8 <5 - 8 6 11 52 11 - 52 26 33 40 33 - 40 35 
                          
Nutrients                           
Ortho phosphate (as P) mg/L - - - -               
Total Phosphate ( as P ) mg/L - - - -       0.08 0.10 0.08 - 0.10 0.09 
Total Phosphate ( as PO4 ) mg/L <0.05 0.28 <0.05 - 0.28 0.09               
Total Nitrogen (as N) mg/L - - - -       0.74 0.80 0.74 - 0.80 0.76 
                          
Other Inorganic Chemicals                           
Aluminium (as Al) mg/L <0.02 0.08 <0.02 - 0.08 0.03       0.05 0.42 0.05 - 0.42 0.11 
Antimony (as Sb) mg/L               <0.001 <0.001 ND <0.001 
Ammonia (as N) mg/L 0.04 1.30 0.04 - 1.30 0.22 0.05 0.27 0.05 - 0.27 0.14 <0.02 0.14 <0.02 - 0.14 0.05 
Arsenic (as As) mg/L <0.005 <0.005 ND <0.005       <0.005  <0.005  ND <0.005  
Barium (as Ba) mg/L <0.05 <0.05 ND <0.05       <0.05  <0.05  ND <0.05  
Appendix 2                                                                                                      Water quality of rainfall, ponds and reservoir at Bedok (2006 – 2007) 
Continue from previous page 
 
212 
 
Boron (as B) mg/L <0.05 <0.05 ND <0.05       <0.05  <0.05  ND <0.05  
Cadmium (as Cd) mg/L <0.0005 0.0010 <0.0005 - 0.0010 0.0010       
<0.000
5  
<0.0005  ND <0.0005  
Chloride (as Cl) mg/L <5 5 <5 - 5 5 <5 6 <5 - 6 6 14 20 14 - 20 18 
Chromium (as Cr) mg/L <0.005 <0.005 ND <0.005       <0.005  <0.005  ND <0.005  
Copper (As Cu) mg/L               <0.005  <0.005  ND <0.005  
Iron (as Fe) mg/L <0.02 0.13 <0.02 - 0.13 0.04 0.17 0.78 0.17 - 0.78 0.40 <0.02 0.09 <0.02 - 0.09 0.03 
              
Lead (as Pb) mg/L 0.002 0.350 0.002 - 0.350 0.041               
Manganese (as Mn) mg/L <0.002 0.011 <0.002 - 0.011 0.005 0.005 0.028 0.005 - 0.028 0.014 0.004 0.015 0.004 - 0.015 0.008 
Molybdenum (as Mo) mg/L               <0.01  <0.01  ND <0.01  
Nickel (as Ni) mg/L               <0.01  <0.01  ND <0.01  
Nitrate (as N) mg/L <0.05 1.00 <0.05 - 1.00 0.32 0.05 0.72 0.05 - 0.72 0.44 <0.05 0.28 <0.05 -0.28 0.18 
Phosphate (as P) mg/L         ND 0.36 ND - 0.36 0.13 <0.02 0.11 <0.02 -0.11 0.07 
Selenium (as Se) mg/L               <0.01 <0.01 ND <0.01 
Sulphate (as SO4) mg/L <5 11 <5 - 11 7 <5 7 <5 - 7 6 12 14 12 - 14 12 
Zinc (as Zn) mg/L               <0.10 <0.10 ND <0.10 
                          
Organic Indicators                           
Total Organic Carbon (as C) mg/L 0.4 12.1 0.4 - 12.1 1.6 3.1 7.5 3.1 - 7.5 5.0 2.6 4.9 2.6 - 4.9 3.6 
Biochemical Oxygen 
Demand (as O2) 
mg/L               ND ND ND ND 
Chemical Oxygen Demand 
(as O2) 
mg/L               8 10 8 - 10  9 
                          
Microbiological                           
Total Coliform 
CFU/ 
100mL 
              110 4100 110 - 4100 1517 
E. coli CFU/               <1 <1 ND <1 
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100mL 
Faecal coliforms 
CFU/ 
100mL 
                <1 8 ND - 8 4 
 
 
 
  Bedok Rainfall Bedok Ponds Bedok Reservoir 
Parameters Unit 2007 2007 2007 
  Min Max Range Ave Min Max Range Ave Min Max Range Ave 
Physical Characteristics              
pH value  4.8 7.0 4.8 - 7.0 6.3 7.1 7.5 7.1 - 7.5 7.3 7.3 8.5 7.3 - 8.5 7.3 
Temperature oC     27 30 27 - 30 28     
Colour Hazen <5 30 <5 - 30 13 25 150 25 - 150 109 5 10 5 - 10 34 
Turbidity NTU 0.3 22.0 0.3 - 22.0 2.5 5.4 66.0 5.4 - 66..0 43.2 1.1 7.1 1.1 - 7.1 2.1 
Conductivity uS/cm 7 41 7 - 41 18 57 168 57 - 168 95 146 165 146 - 165 99 
Dissolved Organic Carbon mg/L     2.6 6.3 2.6 - 6.3 5.5 2.3 8.0 2.3 - 8.0 5.7 
Suspended Solids mg/L         2 9 2 - 9 5 
Rainfall mm 6.0 187.8 6.0 - 187.8 28.5         
              
Inorganic Indicator              
Total Hardness (as CaCO3) mg/L         41 53 41 - 53 50 
Total Alkalinity (as CaCO3) mg/L <5 7 <5 - 7 6 16 56 16 - 56 31 29 34 29 - 34 29 
              
Nutrients              
Ortho phosphate (as P) mg/L <0.02 <0.02 ND <0.02         
Total Phosphate ( as P ) mg/L 0.02 0.13 0.02 - 0.13 0.05         
Total Phosphate ( as PO4 ) mg/L - - - -         
Total Nitrogen (as N) mg/L 0.30 0.30 ND 0.30         
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Other Inorganic Chemicals              
Aluminium (as Al) mg/L <0.02 0.20 <0.02 - 0.20 0.07     0.05 0.16 0.05 - 0.16 0.12 
Antimony (as Sb) mg/L             
Ammonia (as N) mg/L 0.03 0.85 0.03 - 0.85 0.19 0.08 0.16 0.08 - 0.16 0.12 <0.02 0.16 <0.02 - 0.16 0.07 
Arsenic (as As) mg/L <0.005 <0.005 ND <0.005         
Barium (as Ba) mg/L <0.05 <0.05 ND <0.05         
Boron (as B) mg/L <0.05 <0.05 ND <0.05         
Cadmium (as Cd) mg/L <0.0005 <0.0005 ND <0.0005         
Chloride (as Cl) mg/L <5 <5 ND <5 <5 6 <5 - 6 6 14 19 14 - 19 14 
Chromium (as Cr) mg/L <0.005 0.005 <0.005 -0.005 0.005         
Copper (As Cu) mg/L             
Iron (as Fe) mg/L <0.02 0.08 <0.02 - 0.08 0.04 0.28 0.99 0.28 - 0.99 0.50 <0.02 0.15 <0.02 - 0.15 0.05 
Lead (as Pb) mg/L <0.002 0.098 <0.002 -0.098 0.023         
Manganese (as Mn) mg/L <0.002 0.006 <0.002 -0.006 0.004 0.05 0.08 0.005 - 0.038 0.017 0.004 0.020 0.004 - 0.020 0.008 
Molybdenum (as Mo) mg/L             
Nickel (as Ni) mg/L             
Nitrate (as N) mg/L <0.05 0.91 <0.05 - 0.91 0.26 0.21 1.09 0.21 - 1.09 0.6 <0.05 0.07 <0.05 - 0.07 0.05 
Phosphate (as P) mg/L     0.02 0.06 0.02 - 0.06 0.04 <0.02 0.05 <0.02 - 0.05 0.03 
Selenium (as Se) mg/L             
Sulphate (as SO4) mg/L <5 6 <5 - 6 6 <5 11 <5 - 11  11 15 11 - 15 12 
Zinc (as Zn) mg/L             
Organic Indicators              
Total Organic Carbon (as C) mg/L 0.6 10.0 0.6 - 10.0 2.4 3.5 11.1 3.5 - 11.1 5.8 2.0 5.2 2.0 - 5.2 3.3 
Biochemical Oxygen Demand (as O2) mg/L             
Chemical Oxygen Demand (as O2) mg/L             
Microbiological              
Total Coliform 
CFU/ 
100mL 
        200 3900 200 - 3900 1718 
E. coli CFU/         <1 0 <1 - 20 15 
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100mL 
Faecal coliforms 
CFU/ 
100mL 
            
Source: PUB 
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Jurong (Bukit Batok) 
Block 
 
 
  
Street 
 
# Storey 
  
# Units 
 
 # Occupants 
 
DD(m
3
)/ 
month 
kWh/ 
month 
 
S$/ 
month 
 
101   BB WEST AVE 6 13 96  480 469.38 92.38 19.40 
102   BB WEST AVE 6 13 96  480 469.38 92.38 19.40 
103   BB CENTRAL 13 98  490 477.08 93.89 19.72 
104   BB CENTRAL 8 89  445 442.45 53.59 11.25 
105   BB CENTRAL 10 82  410 415.51 62.90 13.21 
106   BB CENTRAL 8 101  505 488.62 59.18 12.43 
107   BB WEST AVE 6 10 82  410 415.51 62.90 13.21 
108   BB WEST AVE 6 8 89  445 442.45 53.59 11.25 
109   BB WEST AVE 6 11 121  605 565.57 94.18 19.78 
110   BB WEST AVE 6 25 96  480 469.38 177.65 37.31 
111   BB WEST AVE 6 25 96  480 469.38 177.65 37.31 
112   BB WEST AVE 6 12 112  560 530.94 96.45 20.26 
113   BB WEST AVE 6 12 96  480 469.38 85.27 17.91 
114   BB WEST AVE 6 11 81  405 411.66 68.55 14.40 
115   BB WEST AVE 6 25 96  480 469.38 177.65 37.31 
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116   BB WEST AVE 6 12 136  680 623.29 113.23 23.78 
117   BB WEST AVE 6 25 97  485 473.23 179.10 37.61 
118   BB WEST AVE 6 8 89  445 442.45 53.59 11.25 
119   BB WEST AVE 6 11 80  400 407.82 67.91 14.26 
120   BB CENTRAL 17 80  400 407.82 104.96 22.04 
121   BB CENTRAL 17 80  400 407.82 104.96 22.04 
122   BB CENTRAL 17 80  400 407.82 104.96 22.04 
123   BB CENTRAL 4 24  120 192.35 11.65 2.45 
124   BB CENTRAL 4 24  120 192.35 11.65 2.45 
125   BB CENTRAL 15 100  500 484.77 110.08 23.12 
126   BB CENTRAL 4 16  80 161.56 9.78 2.05 
127   BB WEST AVE 6 12 110  550 523.25 95.06 19.96 
128   BB WEST AVE 6 4 16  80 161.56 9.78 2.05 
129   BB WEST AVE 6 12 132  660 607.90 110.43 23.19 
130   BB WEST AVE 6 12 132  660 607.90 110.43 23.19 
131   BB WEST AVE 6 12 110  550 523.25 95.06 19.96 
132   BB WEST AVE 6 4 30  150 215.43 13.05 2.74 
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133   BB WEST AVE 6 4 16  80 161.56 9.78 2.05 
134   BB WEST AVE 6 13 117  585 550.18 108.28 22.74 
135   BB WEST AVE 6 13 119  595 557.88 109.79 23.06 
136   BB WEST AVE 6 13 119  595 557.88 109.79 23.06 
137   BB WEST AVE 6 4 16  80 161.56 9.78 2.05 
138   BB WEST AVE 6 12 133  665 611.75 111.13 23.34 
139   BB WEST AVE 6 4 64  320 346.25 20.97 4.40 
140   BB STREET 11 17 80  400 407.82 104.96 22.04 
141   BB STREET 11 17 80  400 407.82 104.96 22.04 
142   BB STREET 11 17 80  400 407.82 104.96 22.04 
143   BB STREET 11 4 31  155 219.28 13.28 2.79 
144   BB WEST AVE 6 4 30  150 215.43 13.05 2.74 
145   BB STREET 11 4 48  240 284.69 17.24 3.62 
146   BB WEST AVE 6 12 131  655 604.05 109.74 23.04 
147   BB WEST AVE 6 4 16  80 161.56 9.78 2.05 
148   BB WEST AVE 6 12 134  670 615.59 111.83 23.48 
149   BB WEST AVE 6 4 16  80 161.56 9.78 2.05 
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150   BB STREET 11 4 34  170 230.82 13.98 2.94 
151   BB STREET 11 4 20  100 176.95 10.72 2.25 
152   BB STREET 11 4 34  170 230.82 13.98 2.94 
153   BB STREET 11 4 38  190 246.21 14.91 3.13 
154 A BB WEST AVE 8 5 1  5 103.85 7.86 1.65 
154   BB STREET 11 4 18  90 169.26 10.25 2.15 
155   BB STREET 11 1 2  10 107.70 1.63 0.34 
156   BB STREET 11 1 14  70 153.87 2.33 0.49 
157   BB STREET 11 4 24  120 192.35 11.65 2.45 
158   BB STREET 11 4 16  80 161.56 9.78 2.05 
159   BB STREET 11 3 8  40 130.78 5.94 1.25 
160   BB STREET 11 13 121  605 565.57 111.31 23.37 
161   BB STREET 11 13 122  610 569.42 112.07 23.53 
162   BB STREET 11 10 146  730 661.77 100.18 21.04 
163   BB STREET 11 13 121  605 565.57 111.31 23.37 
164   BB STREET 11 13 142  710 646.37 127.21 26.71 
165   BB WEST AVE 8 10 131  655 604.05 91.45 19.20 
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166   BB WEST AVE 8 4 26  130 200.04 12.11 2.54 
167   BB WEST AVE 8 8 83  415 419.36 50.79 10.67 
168   BB WEST AVE 8 8 83  415 419.36 50.79 10.67 
169   BB WEST AVE 8 12 112  560 530.94 96.45 20.26 
170   BB WEST AVE 8 25 144  720 654.07 247.55 51.98 
171   BB WEST AVE 8 25 145  725 657.92 249.00 52.29 
172   BB WEST AVE 8 25 144  720 654.07 247.55 51.98 
173   BB WEST AVE 8 4 24  120 192.35 11.65 2.45 
174   BB WEST AVE 8 4 16  80 161.56 9.78 2.05 
175   BB WEST AVE 8 8 124  620 577.12 69.90 14.68 
176   BB WEST AVE 8 12 110  550 523.25 95.06 19.96 
177   BB WEST AVE 8 12 110  550 523.25 95.06 19.96 
178   BB WEST AVE 8 12 110  550 523.25 95.06 19.96 
179   BB WEST AVE 8 4 32  160 223.13 13.51 2.84 
180   BB WEST AVE 8 10 127  635 588.66 89.12 18.71 
181   BB WEST AVE 8 4 16  80 161.56 9.78 2.05 
182   BB WEST AVE 8 12 107  535 511.70 92.96 19.52 
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183   BB WEST AVE 8 10 91  455 450.14 68.15 14.31 
184   BB WEST AVE 8 4 32  160 223.13 13.51 2.84 
185   BB WEST AVE 6 11 91  455 450.14 74.96 15.74 
186   BB WEST AVE 6 11 71  355 373.19 62.15 13.05 
187   BB WEST AVE 6 13 120  600 561.73 110.55 23.22 
188   BB WEST AVE 6 11 91  455 450.14 74.96 15.74 
189   BB WEST AVE 6 21 86  430 430.90 136.99 28.77 
190   BB WEST AVE 6 25 115  575 542.49 205.32 43.12 
191   BB WEST AVE 6 25 99  495 480.92 182.02 38.22 
192   BB WEST AVE 6 25 87  435 434.75 164.54 34.55 
193   BB WEST AVE 6 21 80  400 407.82 129.65 27.23 
201   BB STREET 21 25 128  640 592.51 224.25 47.09 
202   BB STREET 21 25 128  640 592.51 224.25 47.09 
203   BB STREET 21 25 128  640 592.51 224.25 47.09 
204   BB STREET 21 13 97  485 473.23 93.13 19.56 
205   BB STREET 21 13 121  605 565.57 111.31 23.37 
206   BB STREET 21 13 122  610 569.42 112.07 23.53 
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207   BB STREET 21 13 122  610 569.42 112.07 23.53 
208   BB STREET 21 13 120  600 561.73 110.55 23.22 
209   BB STREET 21 13 121  605 565.57 111.31 23.37 
210   BB STREET 21 13 218  1090 938.80 184.76 38.80 
211   BB STREET 21 13 193  965 842.61 165.83 34.82 
212   BB STREET 21 10 151  755 681.00 103.10 21.65 
213   BB STREET 21 12 109  545 519.40 94.36 19.82 
214   BB STREET 21 4 28  140 207.74 12.58 2.64 
215   BB STREET 21 10 151  755 681.00 103.10 21.65 
216   BB STREET 21 12 111  555 527.10 95.76 20.11 
217   BB STREET 21 12 132  660 607.90 110.43 23.19 
218   BB STREET 21 4 28  140 207.74 12.58 2.64 
219   BB STREET 21 10 149  745 673.31 101.93 21.41 
220   BB EAST AVE 3 4 22  110 184.65 11.18 2.35 
221   BB EAST AVE 3 13 84  420 423.21 83.29 17.49 
222   BB EAST AVE 3 4 20  100 176.95 10.72 2.25 
223   BB EAST AVE 3 13 84  420 423.21 83.29 17.49 
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224   BB STREET 21 4 47  235 280.84 17.01 3.57 
225   BB CENTRAL 10 131  655 604.05 91.45 19.20 
226   BB CENTRAL 4 31  155 219.28 13.28 2.79 
227   BB CENTRAL 13 122  610 569.42 112.07 23.53 
228   BB CENTRAL 10 151  755 681.00 103.10 21.65 
229   BB EAST AVE 3 10 151  755 681.00 103.10 21.65 
230   BB EAST AVE 3 10 151  755 681.00 103.10 21.65 
297   BB STREET 22 25 75  375 388.58 147.07 30.88 
298   BB STREET 22 25 75  375 388.58 147.07 30.88 
299   BB STREET 22 25 78  390 400.12 151.43 31.80 
620   BB CENTRAL 30 134  670 615.59 279.58 58.71 
621   BB CENTRAL 30 134  670 615.59 279.58 58.71 
622   BB CENTRAL 30 134  670 615.59 279.58 58.71 
623   BB CENTRAL 18 97  485 473.23 128.95 27.08 
624   BB CENTRAL 8 42  210 261.60 31.68 6.65 
625   BB CENTRAL 8 78  390 400.12 48.46 10.18 
626   BB CENTRAL 18 80  400 407.82 111.13 23.34 
Appendix 3                                                                                                                   Average energy cost S$/m
3
 and S$/per person 
Continue from previous page 
 
225 
 
627   BB CENTRAL 18 55  275 311.62 84.92 17.83 
628   BB CENTRAL 18 55  275 311.62 84.92 17.83 
630   BB CENTRAL 3 2  10 107.70 4.89 1.03 
632   BB CENTRAL 2 5  25 119.24 3.61 0.76 
633   BB CENTRAL 2 8  40 130.78 3.96 0.83 
634   BB CENTRAL 2 9  45 134.63 4.08 0.86 
636   BB CENTRAL 2 5  25 119.24 3.61 0.76 
637   BB CENTRAL 2 5  25 119.24 3.61 0.76 
638   BB CENTRAL 13 4  20 115.39 22.71 4.77 
639   BB CENTRAL 10 53  265 303.93 46.01 9.66 
640   BB CENTRAL 1 1  5 103.85 1.57 0.33 
641   BB CENTRAL 2 2  10 107.70 3.26 0.68 
642   BB CENTRAL 13 56  280 315.47 62.09 13.04 
643   BB CENTRAL 2 2  10 107.70 3.26 0.68 
644   BB CENTRAL 2 3  15 111.54 3.38 0.71 
188 A BB WEST AVE 6 8 0  0 100.00 12.11 2.54 
628 A BB CENTRAL 6 0  0 100.00 9.08 1.91 
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631   BB CENTRAL 3 0  0 100.00 4.54 0.95 
644 A BB CENTRAL 5 0  0 100.00 7.57 1.59 
149   Blocks   12,008  60040 61503.28 12361.30 2595.87 
          
 
        Energy cost per person = S$2595.87/ 60040 = S$0.04 
        Energy cost /m
3 
= S$2595.87/ 61503.28 = S$0.04/m
3
 
Note: Assumption - 5 occupants per unit, and average cleaning/washing consumption: 100m
3
/month 
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Jurong (BB East) 
Block   Street # Storey # units     # Occupants DD(m
3
)/ 
month 
kWh/ 
month 
S$ / 
month 
 
231   BB EAST AVE 5 13 173     865 765.65 150.68 31.64 
232   BB EAST AVE 5 4 40     200 253.91 15.38 3.23 
233   BB EAST AVE 5 12 150     750 677.16 123.02 25.83 
234   BB EAST AVE 5 4 24     120 192.35 11.65 2.45 
235   BB EAST AVE 5 12 179     895 788.74 143.29 30.09 
236   BB EAST AVE 5 10 109     545 519.40 78.63 16.51 
237   BB EAST AVE 5 4 16     80 161.56 9.78 2.05 
238   BB EAST AVE 5 13 174     870 769.50 151.44 31.80 
239   BB EAST AVE 5 13 172     860 761.81 149.93 31.48 
240   BB EAST AVE 5 13 174     
870 769.50 151.44 31.80 
241   BB EAST AVE 5 13 174     870 769.50 151.44 31.80 
242   BB EAST AVE 5 12 137     685 627.14 113.93 23.93 
243   BB EAST AVE 5 10 108     540 515.55 78.05 16.39 
244   BB EAST AVE 5 12 137     685 627.14 113.93 23.93 
245   BB EAST AVE 5 4 16     80 161.56 9.78 2.05 
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246   BB EAST AVE 5 4 16     80 161.56 9.78 2.05 
247   BB EAST AVE 5 12 111     555 527.10 95.76 20.11 
248   BB EAST AVE 5 12 111     555 527.10 95.76 20.11 
249   BB EAST AVE 5 12 110     550 523.25 95.06 19.96 
250   BB EAST AVE 5 12 110     550 523.25 95.06 19.96 
251   BB EAST AVE 5 4 24     120 192.35 11.65 2.45 
252   BB EAST AVE 5 4 24     120 192.35 11.65 2.45 
253   BB EAST AVE 5 4 32     160 223.13 13.51 2.84 
254   BB EAST AVE 4 12 90     450 446.29 81.08 17.03 
255   BB EAST AVE 4 4 24     120 192.35 11.65 2.45 
256   BB EAST AVE 4 4 32     160 223.13 13.51 2.84 
257   BB EAST AVE 4 12 89     445 442.45 80.38 16.88 
258   BB EAST AVE 4 12 110     550 523.25 95.06 19.96 
259   BB EAST AVE 4 12 136     680 623.29 113.23 23.78 
260   BB EAST AVE 4 12 110     550 523.25 95.06 19.96 
261   BB EAST AVE 4 4 16     80 161.56 9.78 2.05 
262   BB EAST AVE 4 4 24     120 192.35 11.65 2.45 
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263   BB EAST AVE 4 12 110     550 523.25 95.06 19.96 
264   BB EAST AVE 4 12 110     550 523.25 95.06 19.96 
265   BB EAST AVE 4 12 152     760 684.85 124.41 26.13 
266   BB EAST AVE 4 12 113     565 534.79 97.15 20.40 
267   BB EAST AVE 4 11 143     715 650.22 108.28 22.74 
268   BB EAST AVE 4 12 89     445 442.45 80.38 16.88 
269   BB EAST AVE 4 11 124     620 577.12 96.11 20.18 
271   BB EAST AVE 4 10 109     545 519.40 78.63 16.51 
272   BB EAST AVE 4 10 119     595 557.88 84.46 17.74 
273   BB EAST AVE 4 2 4     20 115.39 3.49 0.73 
274   BB EAST AVE 4 4 36     180 238.52 14.44 3.03 
275   BB EAST AVE 4 4 24     120 192.35 11.65 2.45 
276   BB EAST AVE 4 2 12     60 146.17 4.43 0.93 
277   BB EAST AVE 3 2 8     40 130.78 3.96 0.83 
278   BB EAST AVE 3 4 36     180 238.52 14.44 3.03 
279   BB EAST AVE 3 2 4     20 115.39 3.49 0.73 
280   BB EAST AVE 3 10 119     595 557.88 84.46 17.74 
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281   BB EAST AVE 3 4 24     120 192.35 11.65 2.45 
283   BB EAST AVE 3 10 121     605 565.57 85.62 17.98 
284   BB EAST AVE 3 2 4     20 115.39 3.49 0.73 
285   BB EAST AVE 3 13 63     315 342.41 67.39 14.15 
286   BB EAST AVE 3 15 93     465 457.84 103.97 21.83 
287   BB EAST AVE 3 24 77     385 396.27 143.98 30.24 
288 A BUKIT BATOK ST 25 16 90     450 446.29 108.10 22.70 
288 B BUKIT BATOK ST 25 16 90     450 446.29 108.10 22.70 
288 C BUKIT BATOK ST 25 15 133     665 611.75 138.92 29.17 
288 D BUKIT BATOK ST 25 14 137     685 627.14 132.92 27.91 
288 E BUKIT BATOK ST 25 14 145     725 657.92 139.44 29.28 
288 F BUKIT BATOK ST 25 15 84     420 423.21 96.10 20.18 
288 G BUKIT BATOK ST 25 15 98     490 477.08 108.34 22.75 
289 A BUKIT BATOK ST 25 16 90     450 446.29 108.10 22.70 
289 B BUKIT BATOK ST 25 16 90     450 446.29 108.10 22.70 
289 C BUKIT BATOK ST 25 17 112     560 530.94 136.64 28.70 
289 D BUKIT BATOK ST 25 17 112     560 530.94 136.64 28.70 
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289 E BUKIT BATOK ST 25 16 186     930 815.67 197.57 41.49 
289 F BUKIT BATOK ST 25 13 138     690 630.98 124.18 26.08 
289 G BUKIT BATOK ST 25 15 157     785 704.09 159.89 33.58 
289 H BUKIT BATOK ST 25 7 2     10 107.70 11.41 2.40 
290 A BUKIT BATOK ST 24 19 109     545 519.40 149.40 31.37 
290 B BUKIT BATOK ST 24 17 97     485 473.23 121.79 25.58 
290 C BUKIT BATOK ST 24 17 96     480 469.38 120.80 25.37 
290 D BUKIT BATOK ST 24 19 127     635 588.66 169.32 35.56 
290 E BUKIT BATOK ST 24 19 102     510 492.47 141.65 29.75 
290 F BUKIT BATOK ST 24 17 112     560 530.94 136.64 28.70 
290 G BUKIT BATOK ST 24 19 126     630 584.81 168.21 35.33 
291 A BUKIT BATOK ST 24 19 127     635 588.66 169.32 35.56 
291 B BUKIT BATOK ST 24 17 97     485 473.23 121.79 25.58 
291 C BUKIT BATOK ST 24 19 102     510 492.47 141.65 29.75 
291 D BUKIT BATOK ST 24 17 96     480 469.38 120.80 25.37 
291 E BUKIT BATOK ST 24 19 120     600 561.73 161.57 33.93 
285 A BB EAST AVE 3   0     0 100.00 0.00 0.00 
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288 H BUKIT BATOK ST 25 7 0     0 100.00 10.60 2.23 
290 H BUKIT BATOK ST 24 4 0     0 100.00 6.06 1.27 
291 F BUKIT BATOK ST 24 4 0     0 100.00 6.06 1.27 
82   Blocks   7621     38105 37923.39 7368.11 1547.30 
 
                         Energy cost per person = S$1547.30/ 38105 = S$0.04 
           Energy cost/m
3
 = S$1547.30/37923.39 = S$0.04/m
3
                                                                             
Note: Assumption - 5 occupants per unit, and average cleaning/washing consumption: 100m
3
/month
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Jurong Central 
Block Street # Storey # Units  # Occupants DD (m
3
)/ 
month 
kWh/ 
month 
S$/ 
month 
 
301   JURONG EAST ST 32 13 166  830 738.72 145.38 30.53 
302   JURONG EAST ST 32 13 209  1045 904.17 177.95 37.37 
303   JURONG EAST ST 32 9 91  455 450.14 61.33 12.88 
304   JURONG EAST ST 32 13 179  895 788.74 155.23 32.60 
305   JURONG EAST ST 32 12 132  660 607.90 110.43 23.19 
306   JURONG EAST ST 32 12 211  1055 911.87 165.66 34.79 
307   JURONG EAST ST 32 13 120  600 561.73 110.55 23.22 
308   JURONG EAST ST 32 13 171  855 757.96 149.17 31.33 
309   JURONG EAST ST 32 13 121  605 565.57 111.31 23.37 
310   JURONG EAST ST 32 13 120  600 561.73 110.55 23.22 
311   JURONG EAST ST 32 13 96  480 469.38 92.38 19.40 
312   JURONG EAST ST 32 13 128  640 592.51 116.61 24.49 
313   JURONG EAST ST 32 10 90  450 446.29 67.56 14.19 
314   JURONG EAST ST 32 13 108  540 515.55 101.46 21.31 
315   JURONG EAST ST 32 13 144  720 654.07 128.72 27.03 
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316   JURONG EAST ST 32 13 180  900 792.59 155.99 32.76 
329   JURONG EAST AVE 1 13 119  595 557.88 109.79 23.06 
330   JURONG EAST AVE 1 13 121  605 565.57 111.31 23.37 
331   JURONG EAST AVE 1 13 125  625 580.96 114.34 24.01 
332   JURONG EAST AVE 1 13 124  620 577.12 113.58 23.85 
333   JURONG EAST AVE 1 4 12  60 146.17 8.85 1.86 
334   JURONG EAST AVE 1 4 24  120 192.35 11.65 2.45 
335   JURONG EAST AVE 1 4 16  80 161.56 9.78 2.05 
336   JURONG EAST AVE 1 13 72  360 377.04 74.20 15.58 
337   JURONG EAST AVE 1 13 85  425 427.06 84.05 17.65 
338   JURONG EAST AVE 1 4 24  120 192.35 11.65 2.45 
339   JURONG EAST AVE 1 13 120  600 561.73 110.55 23.22 
340   JURONG EAST AVE 1 13 86  430 430.90 84.80 17.81 
341   JURONG EAST AVE 1 13 120  600 561.73 110.55 23.22 
401   JURONG WEST ST 42 12 89  445 442.45 80.38 16.88 
402   JURONG WEST ST 42 12 89  445 442.45 80.38 16.88 
403   JURONG WEST ST 42 12 111  555 527.10 95.76 20.11 
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404   JURONG WEST ST 42 9 81  405 411.66 56.09 11.78 
405   JURONG WEST ST 42 11 81  405 411.66 68.55 14.40 
406   JURONG WEST ST 42 12 116  580 546.33 99.25 20.84 
407   JURONG WEST ST 42 13 84  420 423.21 83.29 17.49 
408   JURONG WEST ST 42 11 90  450 446.29 74.32 15.61 
409   JURONG WEST ST 42 13 84  420 423.21 83.29 17.49 
410   JURONG WEST ST 42 11 80  400 407.82 67.91 14.26 
411   JURONG WEST ST 42 12 111  555 527.10 95.76 20.11 
412   JURONG WEST ST 42 12 132  660 607.90 110.43 23.19 
413   JURONG WEST ST 42 12 133  665 611.75 111.13 23.34 
414   JURONG WEST ST 42 12 115  575 542.49 98.55 20.70 
415   JURONG WEST ST 42 12 88  440 438.60 79.68 16.73 
416   JURONG WEST ST 42 12 88  440 438.60 79.68 16.73 
417   JURONG WEST ST 42 10 112  560 530.94 80.38 16.88 
418   JURONG WEST ST 42 4 24  120 192.35 11.65 2.45 
419   JURONG WEST ST 42 12 112  560 530.94 96.45 20.26 
420   JURONG WEST ST 42 12 111  555 527.10 95.76 20.11 
Appendix 5                                                                                                                     Average energy cost S$/m
3
 and S$/per person 
Continue from previous page 
238 
 
421   JURONG WEST ST 42 12 109  545 519.40 94.36 19.82 
422   JURONG WEST ST 42 10 90  450 446.29 67.56 14.19 
423   JURONG WEST AVE 1 8 89  445 442.45 53.59 11.25 
424   JURONG WEST AVE 1 4 16  80 161.56 9.78 2.05 
425   JURONG WEST AVE 1 8 125  625 580.96 70.36 14.78 
426   JURONG WEST AVE 1 16 118  590 554.03 134.20 28.18 
427   JURONG WEST AVE 1 12 99  495 480.92 87.37 18.35 
428   JURONG WEST AVE 1 4 27  135 203.89 12.35 2.59 
429   JURONG WEST AVE 1 4 33  165 226.97 13.74 2.89 
430   JURONG WEST AVE 1 12 131  655 604.05 109.74 23.04 
431   JURONG WEST ST 42 12 120  600 561.73 102.05 21.43 
432   JURONG WEST ST 42 12 94  470 461.68 83.87 17.61 
433   JURONG WEST ST 42 12 120  600 561.73 102.05 21.43 
434   JURONG WEST ST 42 4 32  160 223.13 13.51 2.84 
435   JURONG WEST ST 42 4 32  160 223.13 13.51 2.84 
436   JURONG WEST AVE 1 12 98  490 477.08 86.67 18.20 
437   JURONG WEST AVE 1 16 105  525 504.01 122.08 25.64 
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438   JURONG WEST AVE 1 4 39  195 250.06 15.14 3.18 
439   JURONG WEST AVE 1 4 16  80 161.56 9.78 2.05 
440   JURONG WEST AVE 1 8 117  585 550.18 66.63 13.99 
441   JURONG WEST AVE 1 8 89  445 442.45 53.59 11.25 
442   JURONG WEST AVE 1 4 37  185 242.37 14.68 3.08 
443   JURONG WEST AVE 1 12 95  475 465.53 84.57 17.76 
444   JURONG WEST AVE 1 16 119  595 557.88 135.13 28.38 
445   JURONG WEST ST 42 4 32  160 223.13 13.51 2.84 
446   JURONG WEST ST 42 4 32  160 223.13 13.51 2.84 
447   JURONG WEST ST 42 12 120  600 561.73 102.05 21.43 
448   JURONG WEST ST 42 12 120  600 561.73 102.05 21.43 
449   JURONG WEST ST 42 12 120  600 561.73 102.05 21.43 
450   JURONG WEST ST 42 12 144  720 654.07 118.82 24.95 
451   JURONG WEST ST 42 4 40  200 253.91 15.38 3.23 
452   JURONG WEST ST 42 16 120  600 561.73 136.06 28.57 
453   JURONG WEST ST 42 12 89  445 442.45 80.38 16.88 
454   JURONG WEST ST 42 8 88  440 438.60 53.12 11.16 
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455   JURONG WEST ST 42 8 88  440 438.60 53.12 11.16 
456   JURONG WEST ST 41 10 142  710 646.37 97.85 20.55 
457   JURONG WEST ST 41 12 110  550 523.25 95.06 19.96 
458   JURONG WEST ST 41 12 111  555 527.10 95.76 20.11 
459   JURONG WEST ST 41 12 110  550 523.25 95.06 19.96 
460   JURONG WEST ST 41 12 111  555 527.10 95.76 20.11 
461   JURONG WEST ST 41 12 88  440 438.60 79.68 16.73 
462   JURONG WEST ST 41 12 110  550 523.25 95.06 19.96 
463   JURONG WEST ST 41 10 144  720 654.07 99.02 20.79 
464   JURONG WEST ST 41 12 110  550 523.25 95.06 19.96 
465   JURONG WEST ST 41 12 111  555 527.10 95.76 20.11 
466   JURONG WEST ST 41 12 111  555 527.10 95.76 20.11 
467   JURONG WEST ST 41 12 88  440 438.60 79.68 16.73 
468   JURONG WEST ST 41 10 91  455 450.14 68.15 14.31 
469   JURONG WEST ST 41 15 84  420 423.21 96.10 20.18 
470   JURONG WEST ST 41 15 85  425 427.06 96.98 20.37 
471   JURONG WEST ST 41 15 84  420 423.21 96.10 20.18 
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472   JURONG WEST ST 41 15 84  420 423.21 96.10 20.18 
473   JURONG WEST ST 41 4 48  240 284.69 17.24 3.62 
474   JURONG WEST ST 41 12 110  550 523.25 95.06 19.96 
475   JURONG WEST ST 41 12 111  555 527.10 95.76 20.11 
476   JURONG WEST ST 41 12 110  550 523.25 95.06 19.96 
477   JURONG WEST ST 41 12 110  550 523.25 95.06 19.96 
478   JURONG WEST ST 41 12 112  560 530.94 96.45 20.26 
479   JURONG WEST ST 41 4 12  60 146.17 8.85 1.86 
480   JURONG WEST ST 41 12 197  985 858.00 155.87 32.73 
481   JURONG WEST ST 41 12 197  985 858.00 155.87 32.73 
482   JURONG WEST ST 41 4 12  60 146.17 8.85 1.86 
483   JURONG WEST ST 41 12 110  550 523.25 95.06 19.96 
484   JURONG WEST AVE 1 10 145  725 657.92 99.60 20.92 
485   JURONG WEST AVE 1 12 110  550 523.25 95.06 19.96 
486   JURONG WEST AVE 1 12 111  555 527.10 95.76 20.11 
487   JURONG WEST AVE 1 12 110  550 523.25 95.06 19.96 
488   JURONG WEST AVE 1 12 89  445 442.45 80.38 16.88 
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489   JURONG WEST AVE 1 12 110  550 523.25 95.06 19.96 
490   JURONG WEST AVE 1 12 112  560 530.94 96.45 20.26 
491   JURONG WEST AVE 1 10 143  715 650.22 98.44 20.67 
492   JURONG WEST ST 41 4 135  675 619.44 37.51 7.88 
493   JURONG WEST ST 41 1 2  10 107.70 1.63 0.34 
494   JURONG WEST ST 41 4 35  175 234.67 14.21 2.98 
495 A JURONG WEST ST 41 1 1  5 103.85 1.57 0.33 
495   JURONG WEST ST 41 4 53  265 303.93 18.40 3.86 
496   JURONG WEST ST 41 1 2  10 107.70 1.63 0.34 
497 A JURONG WEST ST 41 1 1  5 103.85 1.57 0.33 
497   JURONG WEST ST 41 1 22  110 184.65 2.80 0.59 
498 A JURONG WEST ST 41 1 1  5 103.85 1.57 0.33 
498   JURONG WEST ST 41 4 97  485 473.23 28.66 6.02 
501   JURONG WEST ST 51 4 70  350 369.34 22.37 4.70 
502   JURONG WEST AVE 1 4 55  275 311.62 18.87 3.96 
503   JURONG WEST AVE 1 4 50  250 292.39 17.71 3.72 
504   JURONG WEST ST 51 4 71  355 373.19 22.60 4.75 
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505   JURONG WEST ST 52 1 190  950 831.06 12.58 2.64 
506   JURONG WEST ST 52 4 24  120 192.35 11.65 2.45 
507   JURONG WEST ST 52 4 22  110 184.65 11.18 2.35 
508   JURONG WEST ST 52 4 20  100 176.95 10.72 2.25 
509   JURONG WEST ST 51 2 2  10 107.70 3.26 0.68 
510   JURONG WEST ST 52 16 152  760 684.85 165.89 34.84 
511   JURONG WEST ST 52 16 213  1065 919.56 222.74 46.78 
513   JURONG WEST ST 52 14 129  645 596.35 126.39 26.54 
514   JURONG WEST ST 52 14 172  860 761.81 161.46 33.91 
537   JURONG WEST AVE 1 8 90  450 446.29 54.05 11.35 
538   JURONG WEST AVE 1 8 90  450 446.29 54.05 11.35 
539   JURONG WEST AVE 1 12 90  450 446.29 81.08 17.03 
540   JURONG WEST AVE 1 12 133  665 611.75 111.13 23.34 
541   JURONG WEST AVE 1 9 90  450 446.29 60.81 12.77 
542   JURONG WEST AVE 1 4 48  240 284.69 17.24 3.62 
543   JURONG WEST ST 42 13 132  660 607.90 119.64 25.12 
544   JURONG WEST ST 42 4 23  115 188.50 11.41 2.40 
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545   JURONG WEST ST 42 11 114  570 538.64 89.70 18.84 
546   JURONG WEST ST 42 13 97  485 473.23 93.13 19.56 
547   JURONG WEST ST 42 11 80  400 407.82 67.91 14.26 
548   JURONG WEST ST 42 13 84  420 423.21 83.29 17.49 
549   JURONG WEST ST 42 11 81  405 411.66 68.55 14.40 
550   JURONG WEST ST 42 13 124  620 577.12 113.58 23.85 
551   JURONG WEST ST 42 11 91  455 450.14 74.96 15.74 
552   JURONG WEST ST 42 12 97  485 473.23 85.97 18.05 
553   JURONG WEST ST 42 12 89  445 442.45 80.38 16.88 
554   JURONG WEST ST 42 9 110  550 523.25 71.29 14.97 
555   JURONG WEST ST 42 9 81  405 411.66 56.09 11.78 
556   JURONG WEST ST 42 10 80  400 407.82 61.74 12.97 
557   JURONG WEST ST 42 12 116  580 546.33 99.25 20.84 
558   JURONG WEST ST 42 12 84  420 423.21 76.88 16.15 
559   JURONG WEST ST 42 11 90  450 446.29 74.32 15.61 
166   Blocks   15654  78270 76832.03 12781.67 2684.15 
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                       Energy cost per person = S$2684.15/ 78270 = S$0.03 
         Energy cost/m
3
 = S$2684.15/76832.03 = S$0.03/m
3
                                                                             
Note: Assumption - 5 occupants per unit, and average cleaning/washing consumption: 100m
3
/month
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Taman Jurong 
Block Street # Storey # Units  # Occupants DD(m
3
)/ 
month 
kWh/  
month 
S$  
month 
               
5   YUNG PING ROAD 11 107.00  535.00 511.70 85.21 17.89 
6   YUNG PING ROAD 11 108.00  540.00 515.55 85.85 18.03 
7   YUNG KUANG ROAD 11 108.00  540.00 515.55 85.85 18.03 
8   YUNG KUANG ROAD 11 109.00  545.00 519.40 86.49 18.16 
9   YUNG KUANG ROAD 11 110.00  550.00 523.25 87.14 18.30 
10   YUNG KUANG ROAD 11 109.00  545.00 519.40 86.49 18.16 
63   YUNG KUANG ROAD 21 124.00  620.00 577.12 183.47 38.53 
64   YUNG KUANG ROAD 21 125.00  625.00 580.96 184.70 38.79 
65   YUNG KUANG ROAD 21 123.00  615.00 573.27 182.25 38.27 
66   YUNG KUANG ROAD 21 124.00  620.00 577.12 183.47 38.53 
103   TAO CHING ROAD 11 220.00  1100.00 946.50 157.62 33.10 
105   TAO CHING ROAD 11 220.00  1100.00 946.50 157.62 33.10 
111   HO CHING ROAD 10 110.00  550.00 523.25 79.21 16.63 
112   HO CHING ROAD 10 108.00  540.00 515.55 78.05 16.39 
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113   HO CHING ROAD 10 140.00  700.00 638.68 96.69 20.30 
114   HO CHING ROAD 10 140.00  700.00 638.68 96.69 20.30 
115   HO CHING ROAD 9 108.00  540.00 515.55 70.24 14.75 
116   HO CHING ROAD 10 160.00  800.00 715.63 108.34 22.75 
117   HO CHING ROAD 10 160.00  800.00 715.63 108.34 22.75 
118   CORPORATION DRIVE 10 160.00  800.00 715.63 108.34 22.75 
119   HO CHING ROAD 11 198.00  990.00 861.85 143.52 30.14 
120   HO CHING ROAD 11 198.00  990.00 861.85 143.52 30.14 
121   YUAN CHING ROAD 10 160.00  800.00 715.63 108.34 22.75 
122   YUAN CHING ROAD 10 160.00  800.00 715.63 108.34 22.75 
151   YUNG HO ROAD 15 74.00  370.00 384.73 87.37 18.35 
152   YUNG HO ROAD 13 101.00  505.00 488.62 96.16 20.19 
153   YUNG HO ROAD 15 115.00  575.00 542.49 123.19 25.87 
154   YUNG HO ROAD 13 76.00  380.00 392.43 77.23 16.22 
155   YUNG LOH ROAD 20 76.00  380.00 392.43 118.82 24.95 
156   YUNG LOH ROAD 15 89.00  445.00 442.45 100.47 21.10 
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157   YUNG LOH ROAD 18 96.00  480.00 469.38 127.91 26.86 
158   YUNG LOH ROAD 18 123.00  615.00 573.27 156.22 32.81 
159   YUNG LOH ROAD 20 74.00  370.00 384.73 116.49 24.46 
160   YUNG PING ROAD 19 68.00  340.00 361.64 104.02 21.84 
161   YUNG PING ROAD 19 84.00  420.00 423.21 121.73 25.56 
162   YUNG PING ROAD 16 65.00  325.00 350.10 84.80 17.81 
163   YUNG PING ROAD 15 91.00  455.00 450.14 102.22 21.47 
177   YUNG SHENG ROAD 18 123.00  615.00 573.27 156.22 32.81 
178   YUNG SHENG ROAD 18 85.00  425.00 427.06 116.37 24.44 
179   YUNG SHENG ROAD 18 85.00  425.00 427.06 116.37 24.44 
180   YUNG SHENG ROAD 18 122.00  610.00 569.42 155.17 32.59 
181   YUNG SHENG ROAD 18 122.00  610.00 569.42 155.17 32.59 
182   YUNG SHENG ROAD 18 85.00  425.00 427.06 116.37 24.44 
183   YUNG SHENG ROAD 18 85.00  425.00 427.06 116.37 24.44 
184   YUNG SHENG ROAD 18 120.00  600.00 561.73 153.07 32.14 
321   TAH CHING ROAD 21 82.00  410.00 415.51 132.10 27.74 
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322   TAH CHING ROAD 21 80.00  400.00 407.82 129.65 27.23 
323   TAH CHING ROAD 11 82.00  410.00 415.51 69.19 14.53 
324   TAH CHING ROAD 11 81.00  405.00 411.66 68.55 14.40 
325   TAH CHING ROAD 21 80.00  400.00 407.82 129.65 27.23 
326   TAH CHING ROAD 17 80.00  400.00 407.82 104.96 22.04 
327   TAH CHING ROAD 21 82.00  410.00 415.51 132.10 27.74 
328   TAH CHING ROAD 21 82.00  410.00 415.51 132.10 27.74 
329   TAH CHING ROAD 21 82.00  410.00 415.51 132.10 27.74 
330   TAH CHING ROAD 21 82.00  410.00 415.51 132.10 27.74 
331   TAH CHING ROAD 14 50.00  250.00 292.39 61.97 13.01 
332   TAH CHING ROAD 13 54.00  270.00 307.78 60.57 12.72 
333   KANG CHING ROAD 13 54.00  270.00 307.78 60.57 12.72 
334   KANG CHING ROAD 14 55.00  275.00 311.62 66.05 13.87 
335   KANG CHING ROAD 19 64.00  320.00 346.25 99.60 20.92 
336   KANG CHING ROAD 19 64.00  320.00 346.25 99.60 20.92 
345   KANG CHING ROAD 16 152.00  760.00 684.85 165.89 34.84 
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346 A KANG CHING ROAD   1.00  5.00 103.85 0.00 0.00 
346   KANG CHING ROAD 11 100.00  500.00 484.77 80.73 16.95 
347   KANG CHING ROAD 11 94.00  470.00 461.68 76.88 16.15 
348   KANG CHING ROAD 11 125.00  625.00 580.96 96.75 20.32 
349   CORPORATION DRIVE 16 78.00  390.00 400.12 96.92 20.35 
350   CORPORATION DRIVE 8 88.00  440.00 438.60 53.12 11.16 
351   CORPORATION DRIVE 11 81.00  405.00 411.66 68.55 14.40 
352   KANG CHING ROAD 11 105.00  525.00 504.01 83.93 17.63 
353   KANG CHING ROAD 11 105.00  525.00 504.01 83.93 17.63 
354   KANG CHING ROAD 11 90.00  450.00 446.29 74.32 15.61 
355   KANG CHING ROAD 11 91.00  455.00 450.14 74.96 15.74 
357   YUNG AN ROAD   86.00  430.00 430.90 0.00 0.00 
358   YUNG AN ROAD 15 56.00  280.00 315.47 71.64 15.04 
359   YUNG AN ROAD 15 127.00  635.00 588.66 133.67 28.07 
360   YUNG AN ROAD 12 92.00  460.00 453.99 82.47 17.32 
361   YUNG AN ROAD 12 114.00  570.00 538.64 97.85 20.55 
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362   YUNG AN ROAD 10 37.00  185.00 242.37 36.69 7.71 
363   YUNG AN ROAD 10 36.00  180.00 238.52 36.11 7.58 
365   CORPORATION DRIVE 10 82.00  410.00 415.51 62.90 13.21 
366   CORPORATION DRIVE 10 84.00  420.00 423.21 64.07 13.45 
367   CORPORATION DRIVE 10 81.00  405.00 411.66 62.32 13.09 
368   CORPORATION DRIVE 10 91.00  455.00 450.14 68.15 14.31 
369   YUNG AN ROAD 10 45.00  225.00 273.15 41.35 8.68 
121 A HO CHING ROAD   0.00  0.00 100.00 0.00 0.00 
155 A YUNG LOH ROAD   0.00  0.00 100.00 0.00 0.00 
163 A YUNG PING ROAD   0.00  0.00 100.00 0.00 0.00 
183 A YUNG SHENG ROAD   0.00  0.00 100.00 0.00 0.00 
328 A TAH CHING ROAD   0.00  0.00 100.00 0.00 0.00 
331 A TAH CHING ROAD   0.00  0.00 100.00 0.00 0.00 
364   YUNG AN ROAD   0.00  0.00 100.00 0.00 0.00 
85   Blocks   8543.00  42715.00 42070.97 8641.60 1814.74 
          Energy cost per person = S$1814.74/42715 = S$0.04  
          Energy cost/m
3
 = S$1814.74/42070.97 = S$0.04/m
3
 
Note: Assumption - 5 occupants per unit, and average cleaning/washing consumption: 100m
3
/month
 253 
 
 
 
 
 
 
 
Appendix 7 Jurong (Yuhua) 
Appendix 7                                                                                                                       Average energy cost S$/m
3
 and S$/per person 
Continue from previous page 
254 
 
Jurong (Yuhua) 
Block Street # Storey # Units # Occupants DD(m
3
)/ 
month 
kWh/ 
month 
 S$/ 
month 
101 JURONG EAST ST 13 16 238 1190 1015.75 246.04 51.67 
102 JURONG EAST ST 13 12 196 980 854.15 155.17 32.59 
103 JURONG EAST ST 13 25 96 480 469.38 177.65 37.31 
104 JURONG EAST ST 13 4 30 150 215.43 13.05 2.74 
105 JURONG EAST ST 13 12 98 490 477.08 86.67 18.20 
106 JURONG EAST ST 13 25 97 485 473.23 179.10 37.61 
107 JURONG EAST ST 13 12 62 310 338.56 61.50 12.92 
108 JURONG EAST ST 13 12 102 510 492.47 89.46 18.79 
109 JURONG EAST ST 13 25 97 485 473.23 179.10 37.61 
110 JURONG EAST ST 13 16 216 1080 931.11 225.53 47.36 
111 JURONG EAST ST 13 25 96 480 469.38 177.65 37.31 
112 JURONG EAST ST 13 12 120 600 561.73 102.05 21.43 
113 JURONG EAST ST 13 12 132 660 607.90 110.43 23.19 
114 JURONG EAST ST 13 4 18 90 169.26 10.25 2.15 
115 JURONG EAST ST 13 12 119 595 557.88 101.35 21.28 
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116 JURONG EAST ST 13 25 96 480 469.38 177.65 37.31 
130 JURONG EAST ST 13 4 47 235 280.84 17.01 3.57 
131 JURONG EAST ST 13 4 41 205 257.76 15.61 3.28 
132 JURONG EAST ST 13 4 10 50 138.48 8.39 1.76 
133 JURONG EAST ST 13 4 21 105 180.80 10.95 2.30 
134 JURONG EAST ST 13 4 88 440 438.60 26.56 5.58 
135 JURONG EAST ST 13 6 72 360 377.04 34.25 7.19 
209 JURONG EAST ST 21 10 110 550 523.25 79.21 16.63 
210 JURONG EAST ST 21 10 215 1075 927.26 140.38 29.48 
211 JURONG EAST ST 21 10 161 805 719.48 108.92 22.87 
212 JURONG EAST ST 21 25 97 485 473.23 179.10 37.61 
213 JURONG EAST ST 21 25 96 480 469.38 177.65 37.31 
214 JURONG EAST ST 21 10 133 665 611.75 92.61 19.45 
215 JURONG EAST ST 21 4 18 90 169.26 10.25 2.15 
215 JURONG EAST ST 21 4 24 120 192.35 11.65 2.45 
216 JURONG EAST ST 21 15 88 440 438.60 99.60 20.92 
217 JURONG EAST ST 21 12 88 440 438.60 79.68 16.73 
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217 JURONG EAST ST 21 4 18 90 169.26 10.25 2.15 
218 JURONG EAST ST 21 12 88 440 438.60 79.68 16.73 
219 JURONG EAST ST 21 12 88 440 438.60 79.68 16.73 
219 JURONG EAST ST 21 25 96 480 469.38 177.65 37.31 
220 JURONG EAST ST 21 25 96 480 469.38 177.65 37.31 
221 JURONG EAST ST 21 4 18 90 169.26 10.25 2.15 
221 JURONG EAST ST 21 10 90 450 446.29 67.56 14.19 
222 JURONG EAST ST 21 4 24 120 192.35 11.65 2.45 
223 JURONG EAST ST 21 4 24 120 192.35 11.65 2.45 
223 JURONG EAST ST 21 10 66 330 353.95 53.58 11.25 
224 JURONG EAST ST 21 12 88 440 438.60 79.68 16.73 
225 JURONG EAST ST 21 4 18 90 169.26 10.25 2.15 
225 JURONG EAST ST 21 10 123 615 573.27 86.79 18.23 
226 JURONG EAST ST 21 25 97 485 473.23 179.10 37.61 
227 JURONG EAST ST 21 25 96 480 469.38 177.65 37.31 
228 JURONG EAST ST 21 12 111 555 527.10 95.76 20.11 
229 JURONG EAST ST 21 12 156 780 700.24 127.21 26.71 
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230 JURONG EAST ST 21 25 97 485 473.23 179.10 37.61 
231 JURONG EAST ST 21 12 152 760 684.85 124.41 26.13 
232 JURONG EAST ST 21 10 89 445 442.45 66.98 14.07 
233 JURONG EAST ST 21 8 85 425 427.06 51.72 10.86 
234 JURONG EAST ST 21 12 89 445 442.45 80.38 16.88 
235 JURONG EAST ST 21 4 18 90 169.26 10.25 2.15 
236 JURONG EAST ST 21 9 97 485 473.23 64.48 13.54 
237 JURONG EAST ST 21 4 18 90 169.26 10.25 2.15 
238 JURONG EAST ST 21 25 97 485 473.23 179.10 37.61 
239 JURONG EAST ST 21 25 96 480 469.38 177.65 37.31 
240 JURONG EAST ST 21 11 81 405 411.66 68.55 14.40 
241 JURONG EAST ST 24 13 217 1085 934.95 184.00 38.64 
242 JURONG EAST ST 24 4 18 90 169.26 10.25 2.15 
243 JURONG EAST ST 24 12 132 660 607.90 110.43 23.19 
244 JURONG EAST ST 24 13 237 1185 1011.91 199.15 41.82 
245 JURONG EAST ST 24 10 89 445 442.45 66.98 14.07 
246 JURONG EAST ST 24 12 89 445 442.45 80.38 16.88 
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247 JURONG EAST ST 24 13 194 970 846.46 166.59 34.98 
248 JURONG EAST ST 24 13 159 795 711.79 140.08 29.42 
249 JURONG EAST ST 24 10 115 575 542.49 82.13 17.25 
250 JURONG EAST ST 24 12 110 550 523.25 95.06 19.96 
251 JURONG EAST ST 24 9 113 565 534.79 72.87 15.30 
252 JURONG EAST ST 24 4 131 655 604.05 36.58 7.68 
253 JURONG EAST ST 24 4 121 605 565.57 34.25 7.19 
254 JURONG EAST ST 24 1 147 735 665.61 10.08 2.12 
255 JURONG EAST ST 24 3 8 40 130.78 5.94 1.25 
256 JURONG EAST ST 24 4 24 120 192.35 11.65 2.45 
257 JURONG EAST ST 24 13 237 1185 1011.91 199.15 41.82 
258 JURONG EAST ST 24 12 120 600 561.73 102.05 21.43 
259 JURONG EAST ST 24 4 18 90 169.26 10.25 2.15 
260 JURONG EAST ST 24 10 91 455 450.14 68.15 14.31 
261 JURONG EAST ST 24 13 176 880 777.20 152.96 32.12 
262 JURONG EAST ST 24 4 18 90 169.26 10.25 2.15 
263 JURONG EAST ST 24 11 80 400 407.82 67.91 14.26 
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264 JURONG EAST ST 24 13 192 960 838.76 165.07 34.67 
317 JURONG EAST ST 31 13 163 815 727.18 143.11 30.05 
318 JURONG EAST ST 31 4 24 120 192.35 11.65 2.45 
318 JURONG EAST AVE 1 15 145 725 657.92 149.40 31.37 
319 JURONG EAST ST 31 13 121 605 565.57 111.31 23.37 
320 JURONG EAST ST 31 13 122 610 569.42 112.07 23.53 
321 JURONG EAST ST 31 10 91 455 450.14 68.15 14.31 
322 JURONG EAST ST 31 13 120 600 561.73 110.55 23.22 
322 JURONG EAST ST 31 11 80 400 407.82 67.91 14.26 
323 JURONG EAST ST 31 15 77 385 396.27 89.99 18.90 
324 JURONG EAST ST 31 13 97 485 473.23 93.13 19.56 
325 JURONG EAST ST 31 15 76 380 392.43 89.11 18.71 
326 JURONG EAST ST 31 4 18 90 169.26 10.25 2.15 
327 JURONG EAST ST 31 15 77 385 396.27 89.99 18.90 
328 JURONG EAST ST 31 13 97 485 473.23 93.13 19.56 
342 JURONG EAST ST 31 4 8 40 130.78 7.92 1.66 
343 JURONG EAST ST 31 3 14 70 153.87 6.99 1.47 
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344 JURONG EAST ST 31 2 6 30 123.09 3.73 0.78 
345 JURONG EAST ST 31 3 27 135 203.89 9.26 1.94 
346 JURONG EAST ST 31 2 6 30 123.09 3.73 0.78 
347 JURONG EAST ST 31 1 225 1125 965.73 14.62 3.07 
348 JURONG EAST ST 31 3 17 85 165.41 7.51 1.58 
349 JURONG EAST ST 31 3 21 105 180.80 8.21 1.72 
350 JURONG EAST ST 31 2 9 45 134.63 4.08 0.86 
351 JURONG EAST ST 31 3 25 125 196.19 8.91 1.87 
352 JURONG EAST ST 31 3 17 85 165.41 7.51 1.58 
353 JURONG EAST ST 31 2 9 45 134.63 4.08 0.86 
354 JURONG EAST ST 31 4 7 35 126.93 7.69 1.61 
111 Blocks   9873 49365 49088.42 9049.53 1900.40 
        
Energy cost per person = S$1900.40/49365 = S$0.04 
Energy cost/m
3
 = S$ 1900.40/49088.42 = S$0.04/m
3
 
Note: Assumption - 5 occupants per unit, and average cleaning/washing consumption :100m
3
/month 
 
